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ABSTRACT  
Two separated parts were included in this thesis. In the first part of this thesis, 
studies on electroactive light-emitting polymers were disclosed. Two series of 
fluorene-base statistical conjugated copolymers 55a-c and 57a-c were synthesized by 
means of nickel-mediated Yamamoto coupling reaction between 
2,7-dibromo-9,9-di-"-octylfluorene 43 and dibromo-functionalized complements 
3,5-dibromo-4'-methylbiphenyl 52 or 4,12-dibromo [2.2]paracyclophane 56, 
respectively. In addition to structural characterization, photo- and electro-physical 
properties of these co-polymers were elucidated. Light-emitting devices with the 
novel co-polymers were fabricated and studies on their performances like I-V 
characteristics and electroluminescence properties were made. 
A novel synthetic methodology towards regio-specific [2.2]paracyclophane 
derivatives was revealed in the second part of this thesis. Based on the Winberg's 
synthesis, six regio-specifically functionalized [2.2]paracyclophanes were 
synthesized from readily available substituted ；?-xylenes 128 or methyl 
4-methylbenzoate 129 in less than four steps in improved yields with simple isolation 
procedures. Traditionally not accessible substituted [2.2]paracyclophane regio-
viii 
isomer was furnished facilely from this innovative approach. Polymerization 
inhibition capability of 2-chlorophenothiazine 135 was also uncovered during the 
preparation of the [2.2]paracyclophanes by reducing the amount of polymeric 
by-products and improving the reaction yields. The regio-specificity of the 
resultant [2.2]paracyclophanes were confirmed with X-ray crystallographic analyses. 
ix 

















SYNTHESIS AND CHARACTERIZATION OF FLUORENE-BASED 
STATISTICAL COPOLYMERS 
I. INTRODUCTION  
1. Background 
Electroluminescence (EL) and charge transportation in organic materials have 
drawn the attention of not only academic but also industry because of their potential 
applications as organic thin film transistors (TFTs) and light-emitting diodes 
(LEDs).i Electroluminescence of organic materials was first discovered in the 
studies of anthracene single crystals in 1960s, but the quantum efficiency was not 
good enough for practical use?'^  An innovation was made in 1987 by Tang and 
VanSlyke at Eastman Kodak"^ where they demonstrated that highly efficient 
electroluminescence could be realized by using two-layer sublimed molecular film 
devices. These devices consisted of a hole-transporting layer of an emissive layer 
of tris(8-hydroxyquinoline) aluminium(III) (Alqs) 1 and an aromatic diamine 2. 
Indium-tin oxide (ITO) is used as the hole-injecting electrode and a 
magnesium-silver alloy as the electron-injecting electrode. This report symbolized 
the dawn of the extensive researches on the exploration of potential organic 
electroluminescent materials and the novel technologies in device fabrications.^ '^ '^  
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2. Principle of electroluminescence 
Electroluminescence is a category of luminescence phenomenon in which 
energy is being transformed from electrical into light. To allow electroluminescence 
to occur, a system is excited by electrical energy and is followed by the light 
generation as radiative decay. Excitation of a system is achieved by supplying 
potential energy to accomplish electron (negatively charged carrier) and hole 
(positively charged carrier) injection into the conduction band and valance band 
respectively. The radiative relaxation of this excited system is understood by the 
recombination of the opposite charges, as an electron is dropped from an upper 
energy level to a lower energy level. These excitation-relaxation processes are 
commonly observed in most inorganic Group III-V compounds (like B N and GaP) 
and Group IV semiconductors, wherein p-n junctions intrinsically act as the 
electron-hole pairs which are responsible for the charge recombination process. 
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Unlike their inorganic complement, the electroluminescence of organic compounds 
requires several steps including the injection, transportation and radiative 
recombination of positive and negative charge carriers inside an organic layer with 
suitable energy gap to yield visible light output. When an organic substrate is 
positioned between a cathode and an anode and a forward potential bias is put on, 
electrons are injected into the lowest unoccupied molecular orbital (LUMO) from 
cathode, whereas other electrons are withdrawn from the highest occupied molecular 
orbital ( H O M O ) to anode (Figure 1.1a). Charge transportation (Figure 1.1b) under 
the influence of an electric field within the substrate and finally an exciton is formed, 
which undergoes charge recombination and radiative decay to emit a photon (Figure 
1.1 c). 
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Mechanism of electroluminescence. 
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As indicated in Figure 1.1, the energy of the electromagnetic radiation depends 
on the energy gap between the conducting band and the valance band in inorganic 
compounds or the energy difference between the L U M O and the H O M O of the 
organic compounds. The power of synthetic chemistry is revealed by the capability 
of designing and synthesizing a wide variety of organic compounds to fine-tune the 
energy gap for desired emission spectrum, to improve the device stability as well as 
emission efficiency. 
3. Electroluminescence from conjugated polymers 
The fundamental requirements for organic electroluminescent materials are the 
ability of charge migration from it to the electrodes (vice versa), the facility of charge 
transportation and the fluorescence efficiency. Massive organic materials have 
been investigated as active components to optimize device performance. With 
respect to their molecular structure, the organic electroluminescent materials could 
be categorized as low molecular weight materials,4，8，9，i° conjugated oligomers/ 
conjugated polymers^ '^^ "^ '^ '^^ ^ as well as their hybrids.口 
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The breakthrough of the metallic conductivities of polyacetylene by Heeger, 
MacDiarmid, and Shirakawa in initiated the extensive studies on 
electrically conducting polymers. Recently, high-purity polymers have become 
avai lable��and a range of semiconductor devices have been investigated; these 
include transitors,^ ^ photodiodes^^ and LEDs.^ '^^ '^^ '^^ ^ The principle interests in the 
use of polymers as the active layers of LEDs lie in their capability for effective light 
generation, color tunability over the full visible range, fast response time, simple 
device system design, good processability and adaptable on large and curved surfaces, 
low operating voltage as compared to liquid crystal displays, low manufacturing cost 
and compatibility with the well-established manufacturing procedures for 
26 
conventional inorganic LEDs. 
Conjugated polymers demonstrate their semiconducting properties by having 
delocalized ji-electrons along the polymer chain. The n and TC* orbitals form the 
delocalized valence and conduction wavefunctions, which encourage the mobilities 
of the charge carriers. Electroluminescence from conjugated polymers was first 
discovered by Burroughes et al during an investigation into the electrical properties 
of poly(p-phenylene vinylene) (PPV) in 1990.^ ^ Yellow-green light with emission 
maximum at 551 nm was emitted from this bright yellow fluorescent polymer when 
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excited by a flow of an electric current between two metallic electrodes. Devices 
based on PPVs, polythiophenes (PTs)? poly(p-phenylenes) (PPPs)严，29 
polyfluorenes (PFs)^ '^^ ^ and other conjugated polymers have been fabricated to 
explore their electro-physical properties like internal and external quantum 
efficiencies, thermal and chemical stabilities, emission maxima, turn-on voltages as 
well as life times. 
Polv(9 9-di-n-octylfluorene2,7-diyl) poly[2-methoxy-5-(2-ethylhexyloxy)-p-phenylenevinylene] 
‘ P F 0 3 M E H - P P V 4 
N f 门 
Poly(p-phenylene) 
P P P 5 
Figure 1.2 
Some examples of conjugated polymers employed in LED. 
4. Device configurations 
Figure 1.3 shows the structure of a single layer organic light-emitting device 
and the corresponding schematic energy-level diagram. The construction of a 
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single layer polymeric L E D begins with an anodic ITO pre-coated glass (rigid) or 
plastic (flexible) substrate. The polymer layer is formed by spin-coating technique 
from a polymer solution. Metal such as calcium, magnesium, aluminium, silver or 
their alloys than deposit on the top of the polymer layer to act as a cathode for 
electron injection. Normally, this functioning LED would be encapsulated to 
protect the circuit. 
Metal Cathode (Al, Mg, Ca) 
\ 厂• • • h 
Light-emitting polymer j j ^ ^ s r r ^  
Anode (Indium Tin Oxide) — 
Transparent Substrate (Glass or Plastic) ^ ^ ^ ^ 5 ^ 1 1 
Light Output 
Cathode Polymer Anode 
� 瘦 L U M O 
a i i • 
Figure 1.3 
Structure of a single layer light-emitting device (top) and the corresponding schematic energy-level 
diagram (bottom). 
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4.1 Electrodes selection 
Indium-tin oxide (ITO) was selected as the hole-injecting anode predominantly 
because its excellent optical transmittance in complement with its high work 
function (4.5 to 5.0 eV) which facile the alignment with H O M O energy level of the 
emissive layer.^ '^^ ^ Metals appropriate for the application as cathode have to 
possess low work function in order to match the L U M O energy level of the emissive 
layer. Magnesium and aluminium are originally used in the construction of 
small-molecule light-emitting devices, however, their relatively high work function 
(3.7 and 4.3 eV respectively) does not match with the L U M O energy level of 
materials. Although calcium processing a distinguishing low work function (2.9 eV) 
which matches well with the L U M O energy level of many conjugated polymers, its 
chemical instability discourages its use as cathodic material solely. This dilemma 
could be solved by adding another stable conducting metal layer to act as a 
protection to avoid the degradation of the electron injection metal. 
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4.2 Charge injection and transporting layers 
The foremost feature of conjugated organic materials is the mobility of charge. 
Nevertheless, the mobilities of positive charged species (holes) and negative charged 
species (electrons) within the substrate need not to be the same. The imbalance of 
the two charge mobilities could hamper the EL efficiency as the charge accumulation 
in the material may build up a potential difference which retard the charge injection 
and migration process. In order to improve the efficiency of LEDs, there have been 
many attempts to balance the injection of carriers from electrodes and also their 
mobility in the emissive layer. The hole injection process from anode into the 
H O M O of the material is equivalent to the electron withdrawal from it to anode, 
Tang and Van Slyke demonstrated that the use of a hole-transporting layer (HTL) for 
facile hole injection from the anode into the emission layer significantly lowered the 
drive voltage and improved the device pe r formance .* Among various inorganic and 
organic carrier injecting/transporting materials, poly(3,4-ethylenedioxythio-
phene):poly(styrene sulphonate), referred to as PEDOT:PSS 6 has been shown to be 
a very effective hole injecting material that can improve the luminous efficiency, 
brightness, and other device performance.34，35，36 PEDOT:PSS is an aqueous 
solution and as an hole-injection layer, it can smooth the ITO surface, decreases the 
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turn-on voltage, reduces the probability of short circuits, and prolongs the operation 
lifetime of the device.]? However, the high acidity of PEDOT:PSS destabilizes the 
ITO layer and metal diffusion has been observed.^^ Some efforts have been made 
on the eliminating this problem by forming a self-assembly mono-layer and study its 
39 
metal diffusion blocking ability. 
诚 + ^ ^ z O o ^ o ^ 
S Jp 丫 丫 • N-N 
SO3H SOgNa 
PEDOTPSS 6 PBD7 
The mobility of electrons in organic materials is generally lower than the hole 
mobility in orders of magnitude.40，4i Therefore, the efficiency of electron injection 
from the cathode to the emissive layer is the principal factor that determines the 
efficiency of the device. Organic materials usually have low-electron mobility and 
in the range of 10'^  cm^ V^ Moreover, effective electron-transport substances 
are normally chemically reactive. Consequently, only a handful of useful materials 
with attractive electron mobility has been developed. Due to its thermal and 
morphological stability, Alqs 1, has been used extensively as the electron 
transporting layer in device performance studies."^ ^ In addition, oxadiazole-
10 INTRODUCTION 
containing organic materials generally possess good electron-transport properties, 
and a number of oxadiazole derivatives like 2-(4-biphenylyl)-5-(4-/^errbutylphenyl)-
1,3,4-oxadiazole (PBD) 7 have been utilized as electron-transport materials in 
OLEDs.43，44 
Vacuum Level 
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Energy levels diagram for a multilayer electroluminescence device.�anode and �cathode are the work 
functions of anode and cathode respectively, whereas,五h and E^ are the energy barriers for hole and 
electron injection respectively. 
Figure 1.4 illustrated a multilayer light-emitting device including a hole-
transporting layer (HTL), an emissive layer (EML), and an electron-transporting 
layer (ETL), the insertion of H T L between anode and E M L and the incorporation of 
ETL between cathode and the E M L would modify energy levels alignment and lower 
the energy required for hole injection (Eh) as well as electron injection (五e). A 
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small value of the work function of the cathode material (①cathode) is desirable in 
order to match the L U M O energy level of the organic materials or otherwise, an ETL 
is necessary for efficient electron injection. On the other hand, the commonly used 
transparent ITO anode possesses a work function about 4.5 eV which could be 
enhanced to about 5 eV by the treatment of UV-ozone or oxygen plasma. Such a 
high value of work function (①anode) favors hole injection from the anode into the 
organic layer. 
5. Device characterizations 
The internal EL quantum efficiency ri\n\ (the ratio of the number of photons 
emitted per electrons injected) of an LED could be calculated from the measured 
external EL quantum efficiency T/ext using eqn. (1). Due to refraction, all photons 
emitted could not be perceived by an external observer. External efficiencies rj规 
are therefore reduced by a factor of (n is the refractive index of the organic layer) 
with respect to rjm-^  
mm = 2n^ 77ext eqn. (1) 
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Power efficiencies //power (unit: W W \ the ratio of output light power to input 
electric power, can be determined from T/ext using the known values of the applied 
voltage [/and the average energy of the emitted photons Ep [eqn. (2):. 
T/power = ^ e x t ^ p ^ " ^ 叫 1 1 . ( 2 ) 
Luminous power (unit: Im) is the amount of radiant flux after adjustment of the 
eye sensitivity to different X and by definition, 680 Im equals to 1 W at eye 
sensitivity at 550 nm. Luminous efficiencies t/I画inous (unit: Im W、are determined 
by multiplication of "power by the eye sensitivity curve S as defined by the 
Commission Internationale de L'Eclairage (CIE). This function takes account of the 
fact that the human eye possesses distinct sensitivities with respect to different 
colours [eqn. (3):. 
" l u m i n o u s = "power>S" e q n . ( 3 ) 
Luminous intensity (unit: candela, cd) is the luminous power emitted from a 
point source within a unit solid angle in a given direction. The luminance or 
brightness of an O L E D (unit: cd m'^ ), defined as luminous energy emitted from a 
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plane source per unit area within a unit solid angle in a given direction, is also used 
to estimate the efficiency of their device. 
Besides the spectroscopic characters of a device like absorption, 
photoluminescence and electroluminescence spectra, which are determined with a 
spectrophotometer, current — voltage and luminance — current characteristics are 
measured by a digital voltmeter and a radiometer. 
6. Blue-Light Emitting Polymers 
The development of blue-light emitting polymers has been the subject of 
intense academic and industrial research directed toward the fabrication of full color 
organic displays. PolyO-phenylene) (PPP) 5 has the largest H O M O - L U M O energy 
gap required for obtaining blue emission] However, the inherently low solubility 
of PPP 5 lowers its desirability in device application. To synthesize PPPs with 
good processability, solubilizing groups have been introduced into the phenylene 
repeating units.The introduction of such side chains however, dramatically 
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reduces the conjugation between the phenylene units with a resultant hypsochromic 
shift of the emission wavelength. On the other hand, structural related polymers 
such as poly(tetrahydropyrene)s (PTHP) 8严 poly(2,8-indenofluorene)s (PIF) 
and poly(fluorene)s (PF) can be synthetically modified to improve their 
solubility without hampering the conjugation within the aromatic Ti-system. 
R 
—•r R = alkyi 
P P P 5 
P T H P s 8 
R = alkyI R = alkyI 
PIFs 9 PFs 10 
Amongst the conjugated polymers described previously, poly(fluorene)s 10 
have emerged as a very attractive class of conjugated polymers for display 
applications owing to their blue and efficient electroluminescence coupled with a 
high charge-carrier mobility and good processability. The availability of specific 
and highly regio-selective coupling reactions provides a rich variety of tailor-made 
fluorene-based polymers and copolymers.46，47，48，49,50 
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6.1 Fluorene homopolymers 
Yoshino et al. first reported the synthesis of polyfluorenes with solubilizing 
substituents at the 9-position of the fluorene core in 1989.46 Low molecular weight 
poly(9,9-di-^-hexylfluorene-2,7-diyl) 12 (Mn < 5000) was obtained through 
oxidative coupling of 9,9-di-"-hexylfluorene 11 by FeCls (Scheme 1.1). The 
resulting polymer was fabricated into blue-light emitting diode having emission 
maximum at 470 nm. The emission intensity increases linearly with current density, 
but becomes saturated at higher current and this may cause by de-conjugation of the 
polymer backbone at higher temperature."^ ^ 
11 12 
n = � 1 5 
Scheme 1.1 
Reagents and conditions., i. FeCls, CHCI3, reflux. 
The conjugation property of polyfluorene derivatives was studied in detail by 
Miller and Klaemer.48 The effective conjugation length may be defined as the 
minimum number of bonded aromatic rings necessary to produce saturation of the 
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optical and electronic properties. 9’9-Di-/7-hexylfluorene 15 oligomers with 3 to 10 
repeating units were synthesized by the Yamamoto coupling reaction of 
2,7-dibromo-9,9-di-^-hexylfluorene 13 and a non-intrusive end-capping reagent 
2-bromofluorene 14 (Scheme 1.2). The products obtained were then separated by 
HPLC. Although the spectral absorption maxima of the oligomers showed a 
gradual red shift from n = 3 to n = 10, the emission maxima remained virtually 
unchanged beyond n = 6. The authors therefore suggested that the effective 





Reagents and conditions: i. Ni(C0D)2, 1,5-cyclooctadiene (COD), 2,2,-bipyridine, DMF, PhMe, 80 
� C , 3 d. 
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Recently Grice reported a double-layer device based on poly(9,9-di-/?-
octylfluorene-2,7-diyl) (PFO) 3 synthesized from Suzuki cross coupling.49 The 
device comprised a 60 nm thick hole-transporting layer prepared from a polymeric 
triphenyldiamine derivative. The device had a turn-on voltage of about 5 V and the 
2 1 
luminance and luminous efficiency at 20 V were 600 cd m_ and 0.04 Im W , 
respectively. The maximum external quantum efficiency was only 0.2%, even 
though the solid-state PL quantum efficiency was found to be 55%. The low EL 
efficiency was attributed to injection limitations. The EL spectrum was similar to 
the PL spectrum, but the emission in the green region was clearly enhanced in EL. 
働 n 
3 17 
A polyfluorene 17 with 9,9-disubstituted 3,6-dioxaheptyl side groups was also 
prepared by Pei.^ ^ This special side-chain was chosen to promote ion transport as 
required for light-emitting electrochemical cells. The polymer was found to exhibit 
efficient photoluminescence in solution and in the solid states, with PL quantum 
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efficiencies of 70% and 73% respectively. Compared to the PL in solution, the thin 
film PL spectrum showed an additional broad green contribution that was assigned 
to interchain excimers transitions. Although, the polymer was photochemically 
stable, but emission properties changed significantly after annealing the thin film for 
1 h at 110 "^ C in air or inert gas. In particular, the PL quantum efficiency dropped 
to about 50% and the green emission contribution increased. It was concluded that 
thermally induced spatial chain rearrangement occurred during annealing which 
resulted in enhanced excimers formation. 
6.2 Fluorene copolymers 
Alternating as well as statistical fluorene copolymers have been synthesized to 
comply with the materials requirements for LED applications. Heeger and his 
coworker reported the synthesis and preliminary characterization of a blue light 
emitting fluorene-based alternative copolymer 20.51 八^  depicted in Scheme 1.3, 
alternating copolymer 20 was synthesized through the Suzuki coupling reaction 
between a fluorene-based diboronic acid 18 and an aryl dibromide 19. The long 
hydrocarbon chains at both the fluorene and the phenylene nuclei ensured a better 
solubility of the polymer. EL devices with the configuration of ITO/poly(A^-vinyl 
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carbazole) (900 A)/20 (750 A)/Ca were fabricated and the device emitted blue light 
at about 10 V and reached the luminance of 115 cd m_ for a bias of 23.8 V. This 
operating voltage gives a luminous efficiency of 0.045 Im W"^ and the maximum EL 
external quantum efficiency was 0.60 %. 
n H c 




Reagents and conditions., i. PhMe/ 2 M aq. K2CO3 solution, Pd(PPh3)4, 90 3 d. 
Water-soluble conjugated polymer 24 based on the same alternating fluorene 
and phenylene backbone structure was also reported. After Suzuki cross coupling 
of 9,9-dihexylfluorene-2,7-bis(trimethylene boronate) 21 and 2,5-bis[3-(7V,7V-di-
methylamine)-1 -oxapropyl]-1,4-dibromobenzene 22, the amine groups were then 
transformed into quaternary ammonium salts with bromoethane to give a cationic 
polymer with 80 % quaternization (Scheme 1.4).^ ^ The neutral polymer 23 is 
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readily soluble in CHCI3, THF, toluene, and aqueous acid but insoluble in D M S O , 
methanol and water whereas the quatemized polymer 24 is soluble in D M S O , 
methanol, and water but not in CHCI3 and THF. The PL quantum yields of polymer 
24 in aqueous solution and in solid film were found to be 25% and 4% respectively. 
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Scheme 1.4 
Reagents and conditions: i. PhMe/2 M aq. K2CO3 solution, Pd(PPh3)4, 90 "C, 3 d; ii. EtBr, 
DMSO/THF (1/4), 50 3 d. 
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By incorporation of thiophene units, orange- and red-light emitting alternating 
• 2 
polyfluorene derivatives 25 — 27 were synthesized. A luminance of 15 cd m_ at 8 
V was observed from the device fabricated from polymer 26 with emission 
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6.3 Aggregation studies of polyfluorenes 
Panozzo suggested the spectral emission stability could be reached by tuning the 
fluorene-based materials to promote excimer formation, which is considered as 
detrimental for device performances .54 Small amounts of a planar 9-fluorenone 
were incorporated as a co-monomer in the polyfluorene backbone 28. As the 
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authors expected, TI-stacking was favoured by the low steric hindrance of the 
carbonyl group, and that the polar nature of the fluorenone induced strong 
dipole—dipole inter-chain interactions. In the presence of such a co-monomer, the 
efficient stacking of the fluorenone-based segments promoted aggregate formation in 
the solid state and a stable yellow light EL was observed. 
Marsitzky and his co-workers from the IBM Almaden Research Center 
developed an amorphous polyfluorene network by incorporating small amounts of a 
three-dimensional spiro-bifluorene building block 29 into the polyfluorene backbone 
and using bromostyrene 30 as cross-linkable end-capping reagent (Scheme 1.5).^ ^ 
The materials 31 exhibited high glass-transition temperatures and excellent thermal 
stability and were soluble in common organic solvents. Fabrication of multiplayer 
devices was allowed after thermal cross-linking of the cast films. The incorporation 
ratios of the spiro-bifluroene unit were found to be independent to the feed ratio as 
determined by the ^ H-NMR spectroscopy. The authors attributed this to the partial 
precipitation of the growing polyfluorene networks during polymerization. 
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Reagents and conditions: i. Ni(C0D)2, 2,2'-bipyridyine, COD, PhMe/DMF (4/1), 80 24 h. 
Klarner reported a fluorene-based copolymer 33 with suppression of 
aggregation by incorporation of hole-transporting anthracene into the polyfluorene 
main chain.^ ^ The steric interactions with the hydrogen atoms in the peri-positions 
of the anthracene unit cause an out-of-plane twisting relative to the substituents at the 
9- and 10-position of about 60°. The authors suggested that a strongly twisted 
geometry in the polymer should inhibit the formation of excimers. The 
dihexylfluorene-anthracene copolymers display PL color stabilities even after 
annealing at 200 °C for 3 d. 
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Scheme 1.6 
Reagents and conditions: i. Ni(C0D)2, 2,2'-bipyridyine, COD, PhMe, DMF, 85 "C. 
To avoid the detrimental 71-aggregation of polyfluorenes, Carter from the IBM 
Almaden Research Center reported a self-encapsulation of polyfluorene in a 
dendrimer matrix (Scheme 1 J)?] The dendronized polyfluorenes 37 were prepared 
from a macromonomer route. Several 2,7-dibromofluorene monomers 36 
containing Frechet-type dendrons with generation 1 to 3 at the 9-position of the 
fluorene nuclei were prepared and these macromonomers were employed in 
condensation polymerizations to yield homopolymers. The macromonomers were 
designed in a way to ensure a certain shielding behaviour of the polyfluorene 
backbone by choosing sufficiently large dendrons while not shielding the reaction 
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site of the transition-metal-mediated polycondensation reactions and the potential 
dilution of the electroluminescent properties of the polyfluorene caused by the 
incorporation of the dendrimer. 
[G-XL JG-X] [G-XL JG-X 
34 35a X = 1 36a X = 1 37a X = 1 
35b X = 2 36b X = 2 37b X = 2 
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Scheme 1.7 
Reagents and conditions: i. NaOH, BnEtsNCl, DMSO. ii. Ni(C0D)2, 2,2'-bipyridyine, COD, PhMe, 
DMF, 85 then PhBr. 
In contrast to Frechet-type dendrimers, Mullen employed polyphenylene 
dendrimers as the side chains in their polyfluorene homopolymers.^^ This 
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shape-persistent and chemically stable dendrons suppress the 71-stacking of the 
rod-like polyfluorene at lower dendritic generations in comparison with the 
Frechet-type dendrons. Electroluminescent devices have been constructed using the 
dendronized polymers 41, and their luminance and electrical characteristics have 
been found to be comparable to those of alkylated polyfluorenes. 
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41a Ar= 41b A r = 41c Ar = ^ ^ 
Scheme 1.8 
Reagents and conditions-, i. 2 ArLi, THF, - 7 8 � C to RT. ii. HOAc, H2SO4, 100 T . iii. Ni(C0D)2, 
2,2'-bipyridyine, COD, PhMe, DMF, 8 0 � C then PhBr. 
Beside introducing bulky side groups on to the fluorene backbone, insertion of 
'kink' by the co-polymerization of nonlinear monomer units was employed by 
Advincula to reduce the aggregation of polyfluorene.^^ The hole-transporting unit, 
3,6-dibromo-9-ethyl-9i/-carbazole 42, was co-polymerized with 2,7-dibromo-
9,9-di-^-octylfluorene 43 by Yamamoto coupling reaction and the resultant polymers 
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showed similar absorption and photoluminescence spectra as the parent 
poly(9,9-di-^ -octylfluorene-2,7-diyl) 3. 
广 H C CH N^ 
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42 43 44a m = 0.9 
44b m = 0.7 
Scheme 1.9 
Reagents and conditions: i. Ni(C0D)2，2,2'-bipyridyine, COD, PhMe, DMF, 8 0 � C . 
7. Synthetic measures toward conjugated polymers 
Amongst the numerous synthetic procedures to construct the unsaturated sp 
carbon — sp^  carbon connectivity, which is the fundamental nature of conjugated 
polymers, palladium-mediated Suzuki coupling reaction^ ^ and nickel-mediated 
Yamamoto coupling reaction^ ^ are the most effective means for the aromatic ring 
62 
connections. On the other hand, palladium-mediated Sonogashira coupling and 
molybdenum-mediated alkyne metathesis are utilized in the synthesis of polymers 
that present a C 三 C triple bond incorporated within the polymer backbone. 
Suzuki coupling between aryl diboronic acid derivatives and aryl dihalides is 
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widely employed for the synthesis of alternative copolymers. However, the ratio 
between the two monomers is limited to 1:1 and this holds back the fine-tuning of the 
resultant polymer's properties by adjusting the degree of introduction of each 
monomer. In contrast, by using Yamamoto coupling, a spectrum of statistical 
copolymers can be furnished by simply modifying the feed ratio between the two 
monomers and certain constituent - properties correlations can be revealed by the 
careful studies of the statistical copolymers. 
The objectives of this part of the thesis are to synthesize polyfluorene and 
several fluorene-based statistical copolymers and to investigate the aggregation 
phenomenon of them. Specifically, two different types of 'kink' units, 
4 ‘ -methylbiphenyl-3,5 -diyl and [2.2]paracyclophane-4,12-diyl groups were 
introduced into the PFO polymer. Due to the 1,3-disubstituted pattern of the former 
unit, de-conjugation of the PFO backbone is expected. On the other hand, the 
[2.2]paracyclophane modified PFO might show some interesting properties due to 
the presence of the two co-facial 7i-aromatic systems. This study could provide an 
insightful perception on the relationship between its constituent and 
electroluminescence performance. 
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IL RESULTS AND DISCUSSION  
1. Synthesis 
1 • 1 Polyfluorene synthesis 
Amongst the numerous synthetic approaches towards poly(arylene)s, nickel(O) 
mediated Yamamoto coupling shows its advantages in a number of ways. These 
include high tolerance of functional groups, high reaction yield and simple workup 
procedure.48，6i As the parent light-emitting polymer to be used as a standard in our 
photo- and electro-physical studies, poly(9,9-di-"-octylfliiroene-2,7-diyl) 3 was 
synthesized from commercially available fluorene as reported by Xia.^^ 
2,7-Dibromofluorene 46 was afforded by the electrophilic aromatic substitution of 
fluroene 45 with A^-bromosuccinimide (NBS) as the brominating reagent and FeCls 
as a Lewis acid catalyst. The bromo functional groups were introduced regio-
specifically at the 2- and 7- position of the fluorene and were required for the 
Yamamoto coupling reaction. The methylene protons at the C-9 position of the 
fluorene are benzylic in nature and can undergo free radical substitution reaction with 
the brominating reagents, thus the bromination should be done in dark to avoid 
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undesired bromination at the benzylic position. The n-octyl groups were introduced 
at the C-9 position of 2,7-dibromofluorene 46 by means of a nucleophilic substitution 
under phase-transfer reaction. N a O H solution was used to deprotonate the 
methylene protons of 2,7-dibromofluorene 46 with the assistance of 
tetrabutylammonium bromide as a phase transfer catalyst. The nucleophilic 
substitution between the ^-octylbromide and the in situ generated fluorenyl anion 
gave 9-alkylated dibromofluorene. In the presence of excess of hydroxide, the 





Reagents and conditions., i. NBS (3 eq.), FeCl3.6H20, DMF, 6 0 � C 5 hr, 93 %. ii. "-Oct-Br (2.5 eq.), 
50 % aq. NaOH, "-BU4NI, PhMe, 80 °C, 5 hr, 80 %. 
Polymerization of 43 was achieved by Yamamoto nickel(O) mediated coupling 
reaction (Scheme 2.2). By mixing bis(cyclooctadiene)nickel(0) [Ni(C0D)2] and 
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2,2,-bipyridyl in D M F at 60 °C for 15 min under N2. The active intermediate — 
(cyclooctadiene)(2,2,-bipyridyl)nickel(0)6i — was formed in situ and its presence 
could be shown by the deep purple appearance of the complex. After introduction 
of a degassed dry PhMe solution of the dibromide 43, the mixture was heated to 80 
°C for three days. A mixed solvent system (DMF/PhMe) was selected because the 
active (cyclooctadiene)(2,2‘ -bipyridyl)nickel(O) complex showed excellent stability 
and solubility in the polar solvent DMF, but the poor solubility of the resultant 
polymer in this solvent induced precipitation of oligomers during polymerization. 
This phase separation was overcome by addition of PhMe which dissolved the 
resultant polymer and was miscible with DMF, thus providing a homogenous 
environment for the polymerization. 
B ^ ^ ^ B r T E W . 
43 3 
Scheme 2.2 
Reagents and conditions: i. Ni(C0D)2, COD, bipyridyl, DMF/PhMe, 80。(：，3 d, 92%. 
Yamamoto had presented a mechanistic study of the C - C coupling reaction of 
aromatic halides promoted by Ni(C0D)2.^^ As shown in Figure 2.1, The reaction 
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initiated with the oxidative addition of the aryl halide into the 
(cyclooctadiene)(2,2'-bipyridyl)nickel(0) complex [Ni(0)(COD)(BPY)] 47. The 
zerovalent nickel was oxidized to nickel(II) and complexes 48 and 48' were formed. 
Ligand exchanges of these two intermediates gave complex 50 and chelated nickel(II) 
bromide (BPY)Ni(II)Br2. Reductive elimination of complex 50 finally furnished the 
coupling product 51 accompanied with the regeneration of nickel(O) complex. 
Ar，—Br Ni(0)(COD)(BPY) 
COD ^ ^ Ar'-Ar 
^ Y 51 
Ar—Br , / V ^ COD 
\ 
N i ( 0 ) ( C O D ) ( B P Y ) A COD /_丨)(巳卩 丫） �X ^ ) 
Ar\ Ni(ii)(BPY) 
Ni(ii)(BPY) ) Ar 




Mechanism of C - C coupling reaction of aromatic halide by Ni(C0D)2. 
By pouring the reaction mixture into a 1:1:1 solution of 1 M H Q , acetone and 
MeOH, the polymerization reaction was stopped with the protonation of complex 48 
to provide the debrominated polymer terminals and the complementary nickel(II) salt. 
Bright yellow thread-like polymer 3 was obtained from continuous stirring for 1.5 h 
33 RESULTS AND DISCUSSION 
Bright yellow thread-like polymer 3 was obtained from continuous stirring for 1.5 h 
and a clear light green solution was obtained with the all nickel(II) salt dissolved. 
The collected polymer was purified by redissolving the crude product in a minimum 
amount of distilled chloroform and the solution was added into a large amount of 
methanol in a rate of one drop per second. Finally, the purified 
poly(9,9-di-"-octylfluorene-2,7- diyl) PFO 3 was dried under vacuum at 50 for 1 
d and obtained in 92 % yield. 
1.2 Fluorene-based statistical copolymers 
1.2.1 Fluorene 一 biphenyl copolymers 
As a consequence of the planarity of the rod-like structures of polyfluorenes, 
significant chain aggregation formation is commonly observed during annealing or 
• • 58 
passage of current, leading to red-shifted and less-efficient emission. 
Introduction of disorder in polymer backbone by the ‘molecular kink' 
approach59 had already illustrated its superiority over other methods in terms of its 
flexibility and simplicity in design and synthesis of the 'kink' units. In this regard, 
34 RESULTS AND DISCUSSION 
we decided to introduce a 4‘ -methyIbipheny 1-3,5-diyl linkage into a PFO polymer 
chain to create statistical fluorene-based copolymers. The co-monomer for this 
kink is 3,5-dibromo-4'-methyl-biphenyl 52, which consists of a 4'-methyl group 





3,5 -Dibromo-4 ‘ -methy Ibipheny 1 52 was synthesized from commercially 
available 4-bromotoluene using the palladium-mediated Suzuki coupling reaction. 
First, 4-bromotoluene was converted into the corresponding Grigard reagent in THF 
solution by treatment with magnesium metal. Transmetallation to organoboron 
derivative was done by the addition of the Grignard reagent into trimethyl borate at 0 
Finally, cross-coupling between the 4-tolylboronic acid 53 and 
tribromobenzene provided the mono-coupled product 3,5-dibromo-4‘ -methyl-
biphenyl 52 and the di-coupled product 54. The pure di-bromide 52 was purified by 
flash column chromatography in 85 % yield. 
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Scheme 2.3 
Reagents and conditions: i. Mg, THF, reflux, ii. B(0Me)3, 0 then HCl, room temperature, iii. 
1,3,5-tribromobenzene, Pd(PPh3)4, 2 M aq. NazCO〗，PhMe, 80 12 h, 85 %. 
Polymerizations of a mixture of the 2,7-dibromo-9,9-di-…octylfluorene 43 and 
3,5-dibromo-4‘-methyIbipheny 1 52 in 5:1, 2.5:1 and 1:1 ratios were performed under 
Yamamoto coupling conditions afforded the statistical copolymers poly(9,9-di-"-
octylfluorene-2,7-diyl-对a/-4,-methylbiphenyl-3,5-diyl) (PFB) 55a-c as thread-like 
solid similar in appearance to the parent PFO 3 but with different color. Generally, 
the higher the percentage of the 3,5-dibromo-4‘-methylbiphenyl 52, the lighter was 
the color of the copolymer. Hence polyfluorene (PFO) 3 was bright yellow whereas 
PFB 55c was white. 
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55a X = 5, y = 1 85 % 
55b X = 2.5，y = 1 89 % 
55c X = 1, y = 1 91% 
Scheme 2.4 
Reagents and conditions', i. Ni(C0D)2, COD, bipyridyl, DMF/PhMe, 80 3 d. 
1.2.2 Fluorene — [2.2]paracyclophane copolymers 
[2.2]Paracyclophane, in which two benzene rings are stacked on top of each 
other, has attracted a lot of interest in the investigation of its structure, reactivity, and 
physical p r o p e r t i e s . A number of paracyclophane derivatives have been 
prepared and their optical and electrical properties due to the characteristic 
interactions between the two co-facial Ti-electron systems have been studied 
extensively.66，67 So f a r , only a handful o f polymers having this through-space 
longitudinal conjugating unit have been reported and their photo-physical properties 
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suggested that they are potential candidates as the emissive materials for the 
application in light-emitting devices.^ ^ 
A series of fluorene-based statistical copolymers containing [2.2]paracyclo-
phane unit was synthesized from the copolymerization of 2,7-dibromo-9,9-
di-^-octylfluorene 43 and 4,12-dibromo[2.2]paracyclophane 56. Although the 
preparation of 4,12-dibromo[2.2]paracyclophane 56 reported by Cram is well 
accepted,69 many modifications have been made to improve the synthetic yield of 
this compound.70 The major obstacle in the original method as well as its 
modification is due to the low regioselectivity of the electrophilic aromatic 
bromination of [2.2]paracyclophane. The product mixture usually contains a 
number of regio-isomers including pseudo-or/^ /zo-, pseudo-舰,a- and 
pseudo-para-dibromides and the isolated yield of the desired dibromide 56 can be as 
low as 25 to 30 As a result, we used a new regio-specific synthetic 
methodology developed in our laboratory to prepare the cyclophane co-monomer 56. 
Details of this synthetic method will be discussed in the Part II of this thesis. 
Three statistical polymer samples of poly(9,9-di-^ -octylfluorene-2,7-diyl-5'ra/-
7.2]paracyclophane-4,12-diyl) 57a-c were synthesized form the polymerizations of 
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2,7-dibromo-9,9-di-^-octylfluorene 43 and 4,12-dibromo[2.2]paracyclophane 56 in 
10:1, 5:1, and 1.5:1 ratios under nickel-mediated Yamamoto coupling polymerization 
conditions. The copolymers were isolated by mixing the reaction mixture with a 
1:1:1 mixture of 1 M HCl, M e O H and acetone and collected with a stainless steel 
sieve as yellow thread-like solids. Re-precipitations from M e O H of the polymers 
solutions were performed to improve the purities of the resultant polymers. 
Br^ 
43 56 
57a x= 10, y = 1 92% 
57b x = 5 , y = 1 90 % 
57c x = 1 . 5 ’ y = 1 870/0 
Scheme 2.5 
Reagents and conditions., i. Ni(C0D)2, COD, bipyridyl, DMF/PhMe, 8 0 � C , 3 d. 
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2. Structural characterizations 
2.1 N M R spectroscopic data analyses 
^H-NMR spectral data showed that after the polymerization, the terminal methyl 
protons and the adjacent methylene protons of octyl side chains in the homopolymer 
PFO 3 appeared together at 0.82 ppm whereas those of the dibromo monomer 43 
were located at 0.82 ppm and 0.58 ppm respectively. The two pairs of methylene 
protons next to the quaternary carbon exhibited similar chemical shift values at about 
2.0 ppm in both the monomer and the homopolymer with broader peak appearance in 
the latter. For the case of homopolymer 3, two groups of aromatic protons in 2 to 1 
ratio, were found (Figure 2.2). 
The ^^C-NMR spectrum of the homopolymer PFO 3 showing the 
reigo-regularity of the coupling reaction which providing a homogeneous 
2,7-coimectivity of the monomer throughout the polymer chain (Figure 2.3). The 2-
and 7-position aromatic carbons corresponded to the connecting atoms of the 
polymer backbone showed a downfield shift from 121 ppm to 141 ppm after 
polymerization as the attached group changed from bromide in the monomer to a 
fluorene unit in the homopolymer 
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Figure 2.2 
^H-NMR spectra of 2,7-dibromo-9,9-di-"-octylfluorene 43 (top) and homopolymer PFO 3 (bottom). 
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Figure 2.3 
I3C-NMR spectra of 2,7-dibromo-9,9-di-"-octylfluorene 43 (top) and homopolymer PFO 3 (bottom). 
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As designed at the synthetic stage, the methyl group in the kink unit was utilized 
as a marker for the composition characterization of the poly(9,9-di-^ -octylfluorene-
2J-(My\-statA‘-methyIbipheny 1-3,5-diyl) PFB 55a-c copolymers (Figure 2.4). The 
methyl proton signals in the commoner dibromide 52 (5 二 2.4 ppm) were also 
observed in the statistical copolymers 55a-c. The constitutional ratio of the 
fluorene and the turning unit was determined by comparing the integral values of the 
four methylene protons adjacent to the quaternary carbon in the fluorene units and 
the methyl protons in the turning units (Table 2.1). The constitutional ratios of the 
turning units were found to be consistent with the feed ratios of the 2,7-dibromo-9,9-
di-^ -octylfluorene 43 and 3,5 -dibromo-4 ‘ -methy Ibipheny 1 52 used in the 
polymerizations. 
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Figure 2.4 
^H-NMR spectra of homopolymer PFO 3 (top) and copolymer PFB 55c (bottom). 
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Table 2.1 Constitutional ratios of copolymers PFB 55a-c. 
Polymer Feed ratio Integration ratio Constitutional ratio 
PFB 55a 5:1 13.4:3.0 3.4:1 
PFB 55b 2.5:1 7.6:3.0 1.9:1 
PFB 55c 1:1 3.9:3.0 1.0:1 
The ^H-NMR spectra of the various poly(9,9-di-^ -octylfluorene-2,7-diyl-
stat-[2.2]paracyclophane-4,12-diyl)s 57a-c showed the characteristic signal patterns 
due to the protons of nuclei as well as those of the bridging methylene protons (6 = 
3.1 ppm) in the [2.2]paracyclophane moieties (Figure 2.5). Similar to the PFB 
55a-c series, the ratios of the co-monomers in the copolymers were determined by 
the ratio of the integration signals of the four methylene protons adjacent to the 
quaternary carbon in fluorene and the eight bridging methylene protons of 
2.2]paracyclophane units (Table 2.2). 
Table 2.2 Constitutional ratios of copolymers PFC 57a-c. 
Polymer Feed ratio Integration ratio Constitutional ratio 
PFC 57a 10:1 4.0:0.7 12:1 
PFC 57b 5:1 4.0:1.1 7:1 
PFC 57c 1.5:1 4.0:1.5 5:1 
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Figure 2.5 
^H-NMR spectra of homopolymer PFO 3 and copolymer PFC 57c. 
2.2 Gel permeation chromatographic analyses 
The weight (M„) and number (M^；) average molecular weights and molecular 
weight distributions of the fluorene-based homopolymer 3 as well as statistical 
copolymers 55a-c and 57a-c were determined by GPC against polystyrene standards 
and were summarized in Table 2.3. The M" and M、” values of PFO 3 were found to 
be 42 and 85 kDa respectively and the degree of polymerization was about 220. 
The Myv values of the PFB copolymers 55a-c ranged from about 85 to 137 kDa and 
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those of the PFC series 57a-c ranged from about 88 to 229 kDa. In both series, no 
particular relationship was observed between the feed ratio of the two co-monomers 
and the molecular weight of the resultant copolymers. The relatively narrow 
molecular weight distributions of these polymers as indicated by the polydispersity 
indexes (PDI) (1.6 — 2.5) revealed that the nickel-mediated Yamamoto coupling 
polymerization is an appropriate methodology for providing homogeneous high 
molecular weight materials for organic LED applications. 
Table 2.3 and PDI values of homopolymer PFO 3, copolymers PFB 55a-c and PFC 57a-c. 
Sample M„ PDI 
PFO 3 85,000 42,000 2.0 
PFB 55a 137,000 88,000 1.6 
PFB 55b 85,000 46,000 2.1 
PFB 55c 96,000 56,000 1.7 
PFC 57a 229,000 93,000 2.5 
PFC 57b 165,000 70,000 2.3 
PFC 57c 88,000 48,000 1.8 
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Figure 2.6 
GPC chromatograms of the homopolymer PFO 3, copolymers PFB 55a-c (top) and PFC 57a-c 
(bottom). 
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2.3 Thermal analyses 
Major instrumentation involved with the generation of thermal behaviors of 
materials includes thermogravimetric analysis (TGA), differential scanning 
calorimetry (DSC), differential thermal analysis (DTA), and thermomechanical 
analysis (TMA), etc. In TGA, a sensitive balance is used to follow the weight 
change of a polymer as a function of time or temperature. Usual sample sizes for 
commercial instruments are in the range of 0.1 m g to 10 g with heating rates of a few 
ten degrees per minute. T G A can be used to determine the purity, identification, 
solvent retention, and decomposition temperature of a sample polymer. DSC is a 
technique of nonequilibrium calorimetry in which the heat flow into or away from 
the polymer is measured as a function of temperature or time. This equipment 
measures the heat flow by maintaining a thermal balance between the reference and 
sample by changing a current passing through the heaters under the two chambers. 
For instance, the heating of a sample and reference proceeds at a predetermined rate 
until heat is emitted or consumed by the sample. If an endothermic occurrence 
takes place, the temperature of the sample will be less than that of the reference. 
The circuit is programmed to give a constant temperature for both the reference and 
the sample compartments. Excess current is fed into the sample compartment to 
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raise the temperature to that of the reference. The current necessary to maintain a 
constant temperature between the sample and reference is recorded. The area under 
the resulting curve is a direct measure of the heat of transition. 
The thermal stability of homopolymer PFO 3, statistical copolymers 55a-c and 
57a-c were revealed with their decomposition temperatures (T^ ) which were 
measured for the temperature at which the polymer sample presented a 5 % weight 
lost in a T G A measurement under an open-air environment (Figure 2.7). As 
illustrated in Table 2.4, the decomposition temperatures of the two statistical 
copolymer series PFB 55 and PFC 57 were found to be higher than 400 The 
PFB series 55a-c showed the highest thermal stability over the parent polymer PFO 3 
and the PFC series 57a-c. However, no tendency was observed within each of the 
two statistical copolymer series. The decomposition temperatures and the glass 
transition temperatures (Tg) obtained from DSC of the synthesized polymers were 
summarized in Table 2.4. The relatively high thermal stabilities of these 
copolymers closely matched the requirements for high performance light-emitting 
devices with high stability to potential temperature increment during device 
operation. 
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Figure 2.7 
Thermogravimetic graphs of homopolymer PFO 3, copolymers PFBs 55a-c and PFCs 57a-c. 
Table 2.4 Thermal properties of homopolymer PFO 3, copolymers PFB 55a-c and PFC 57a-c. 
Polymer Tv(。C) T^ (°C) Copolymers T^ ("C) Tg(。C) Copolymers T^ ("C) TgfC) 
PFO 3 439 134 PFB 55a 464 124 PFC 57a 426 109 
PFB 55b 457 110 PFC 57b 438 98 
PFB 55c 463 135 PFC 57c 441 106 
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3. Optical properties characterizations 
3.1 UV-visible absorption 
UV-visible absorption spectroscopic measurements were obtained from a 
chloroform solution of the polymers. The normalized spectra of the UV-visible 
absorption spectra of PFO 3 and PFB 55a-c were shown in Figure 3.1 and the 
absorption maxima, absorption onsets and optical band gaps were summarized in 
Table 3.1. From the UV-visible absorption profile, PFO 3 processes a strong 
featureless n - n* transition which illustrated as an absorption maximum at 389 nm 
with an onset at 417 nm and the optical band gap was determined as 2.97 eV from 
the absorption edge. 
Table 2.5 U V absorption data of homopolymer PFO 3, copolymers PFB 55a, 55b and 55c in CHCI3. 
Polymers Absorption maximum Absorption onset Optical band gap 
PFO 3 389 nm 417 nm 2.97 eV 
PFB 55a 379 nm 414 nm 2.99 eV 
PFB 55b 372 nm 412 nm 3.01 eV 
PFB 55c 350 nm 411 nm 3.02 eV 
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Figure 2.8 
UV-visible absorption of PFO 3, PFB 55a, 55b and 55c in CHCI3 solutions. 
The absorption maxima of the 71 - tt* transitions of the statistical copolymers 
PFB 55a-c were in the range of 350 to 379 nm and a blue-shift of absorption 
maximum was observed when the percentage of 4‘-methylbiphenyl kink unit was 
increased. These absorption data reflected the extent of electron delocalization and 
ground state electronic structure of the polymers. Miller et al. studied the 
correlations between the absorption maximum and the number of repeating units in 
fluorene oligomers from trimer to d e d c a m e r . 4 8 A linear relation between the inverse 
of absorption maximum and the inverse of number of repeating unit was obtained. 
Using this correlation, our synthesized statistical copolymers 55a, 55b and 55c 
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should have comparable conjugated lengths compared to that of an oligomer with 8, 
6 and 3 fluorene units. Hence, as the percentage of 4'-methylbiphenyl unit in the 
copolymer was increased, the effective conjugated length decreased. This is 
because the conjugated linear 7i-system of the polyfluorene backbone was interrupted 
by the 4‘-methylbiphenyl unit through the 3,5-substitution pattern. 
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Figure 2.9 
UV-visible absorption of PFO 3, PFC 57a, 57b and 57c in CHCI3 solutions. 
Table 2.6 U V absorption data of homopolymer PFO 3, copolymers PFC 57a, 57b and 57c in CHCI3. 
Polymer Absorption maximum Absorption onset Optical band gap 
PFO 3 389 nm 417 nm 2.97 eV 
PFC 57a 386 nm 415 nm 2.99 eV 
PFC 57b 385 nm 414 nm 2.99 eV 
PFC 57c 381 nm 413 nm 3.00 eV 
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The absorption spectra of PFC 57a-c and PFO 3 were shown in Figure 2.9 and 
absorption data were presented in Table 2.6. Similar absorption patterns were 
observed for all copolymers and a slightly blue-shift in the absorption maxima of 
about 8 nm with increasing percentage of [2.2]paracyclophane unit was noted. The 
insignificant blue-shift of absorption maxima suggested that the [2.2]paracyclophane 
unit served as an effective conjugation linker via a through-space longitudinal 
conjugation mechanism. 
3.2 Photoluminescence 
3.2.1 Photoluminescence in solutions 
Photoluminescence (PL) properties of PFO 3, PFB 55a-c and PFC 57a-c were 
studied in chloroform solutions at difference concentrations in order to study the 
relationship between the formation of excimers and the resulting spectral features. 
Concentration dependence properties of the photoluminescence emission spectra of 
PFO 3 were uncovered in Figure 2.10. Fluorescence spectra were collected in 
different concentrations in chloroform solutions by excitation at 380 nm and were 
normalized at the dimeric excimer emission peak for comparison.^^ The patterns of 
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the emission spectra were highly dependent on the concentration of PFO 3 in the 
sample solutions. The dimeric excimer emission peaks at about 442 rnn were 
slightly red-shifted (〜5 nm) from 0.02 g/L to 1.00 g/L. At low concentration, 
emission peaks at 425 nm were predominating and the intensity of this peak was 
diminished as the concentration increased whereas the peak intensities at 470 and 
502 nm were increased with increasing concentration. From these results, we 
suggested that the emission peak at 425 nm was due to the excited non-aggregated 
monomeric PFO chains and the peaks at 470 and 502 nm were attributed to an 
aggregated system of the polymers.^^ Hence, the aggregation phenomena could 
alter the emission features of the polyfluorene PFO 3, thus hampering the device 
performances in the form of spectral instability. 
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Figure 2.10 
Normalized photoluminescence emission spectra of PFO 3 in CHCI3 solution at different 
concentrations. 
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The emission spectra of copolymers PFB 55a-c of different concentrations in 
chloroform were obtained in order to study their aggregation of the polymer chains 
and excimer formation behaviors. All spectra were normalized at the peak 
corresponding to the dimeric excimer emission at 442 nm and the relative intensities 
of emission of the monomeric excited polymers were decreased with the increase of 
concentration of polymers (Figure 2.11). Table 2.7 summarized the 
photoluminescence properties of the copolymer PFB 55a-c. A remarkable feature 
of the photoluminescence spectra of these copolymers is that the ratios of emission 
intensities of monomeric species (/M) to that of dimeric excimers (/E) were found to 
be about unity even in concentration as high as 1 g/L. Unlike the PFO 
homopolymer 3, which the peak intensities originated from aggregated system were 
increased significantly with concentration, no considerable increase in the intensity 
of the emission peaks in the range of 470 nm to 500 nm was observed in high 
concentrations among all the PFB copolymers 55. As the corporation of the 
4‘ -methyIbipheny 1 unit increased from 55a to 55c, the emission maxima were 
blue-shifted due to the interruption of the conjugation length by the 'kink' unit. 
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Figure 2.11 
Normalized photoluminescence emission spectra of PFB 55a (top), PFB 55b (middle), and PFB 55c 
(bottom) in CHCI3 at different concentrations. 
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Table 2.7 Photoluminescence emission peak wavelengths ofPFB 55a-c in CHCh. 
Concentration Emission peak wavelengths (nmt 
(g/L) PFB 55a PFB 55b PFB 55c 
1.00 428, 442 (0.9)b 426, 441 (0.9) 423,441 (1.0) 
0.50 427,442 (0.9) 422, 441 (1.0) 421, 440 (1.1) 
0.25 424, 442 (1.0) 42 1, 441 (1. 1 ) 420, 440 (1.2) 
0.12 423, 442 (1.2) 4 18, 441 (1. 3 ) 418, 439 (1.3) 
0.06 422, 442 (lA) 418, 441 (104) 416,435 (104) 
a First and second listed values are the emission peak wavelength due to the monomeric species and 
dimeric excimers, respectively. 
b Values in parentheses represent the I Mf lE ratio. 
The photoluminescence spectra of PFC copolymers 57a-c in different 
concentration were also presented in Figure 2.12. Emission maxima due to excited 
non-aggregated polymer chains were found at about 420 nm with only about 2 nm 
blue-shifted with the increase of [2.2]paracyclophane incorporation from the PFC 
57a to PFC 57c. The similarity in emission maxima in different PFCs 57 could be 
explained by the suggestion that the conjugation within the polymers were persisted 
by the through-space longitudinal conjugation through the [2.2]paracyclophane units. 
The emission range at 450 nm to 500 nm due to the excimer emissions did not show 
significant change in intensity with increasing concentration. This was because the 
rigid rod nature of PFO was disrupted by the [2.2]paracyclophane units in PFC 
copolymers 57 and thus reducing the aggregation between polymer chains. 
57 RESULTS AND DISCUSSION 
1 . 4 � 
1.2 -
S 0.50 g/L 
$0.8 - \ —0.20g/L 
g 1 0.05 g/L 
I 0.6 - \ 
1 \ 
0.4 - \ 
0.2 - \ 
O ! _ ^ J - 、 乂 • • 





i y\ 一 0.50 g/L 
广 / \ — 0 . 2 5 g/L 
.1 06 - \ 。.05g^  
I V . 
Q I ！ J r f ? ^ I I “ 一 — I ！ I 





i 1 - A/v 
•a r \ 0.55 g/L 
I 0.8- \ — 0 . 2 2 , / L 
I 0.6 - \ � 5 g/L 
0.4 - V 
0.2 - \ 
Q 1 _ 』 I —^  1 1 1 
300 350 400 450 500 550 600 650 700 
Wavelength (nm) 
Figure 2.12 
Normalized photoluminescence emission spectra of PFC 57a (top), PFC 57b (middle), and PFC 57c 
(bottom) in CHCI3 at different concentrations. 
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Table 2.8 Photoluminescence emission peak wavelengths of P F C 57a-c in CHCI3. 
Concentration Emission peak wavelengths (nm)^ 
(g/L) PFC 57a PFC 57b PFC 57c 
0.50 426, 441 (1.0)'' 427, 442 (0.9) 428, 442 (0.9) 
0.25 424,442(1.1) 421,441 (1.0) 424,442(1.1) 
0.12 423,442 (1.3) 420,441 (1.4) 420,440 (1.4) 
a First and second listed values are the emission peak wavelength due to the monomeric species and 
dimeric excimers, respectively, 
b Values in parentheses represent the /m//e ratio. 
3.2.2 Photoluminescence in solid thin films 
Comparisons of photoluminescence spectra (excitation at 320 nm) of solid-state 
thin-film samples prepared by spin-coating of homopolymer PFO 3, copolymers PFB 
55a-c and PFC 57a-c solutions (1.5 w/w % in toluene) were shown in Figure 2.13 
and the emission peaks were summarized in Table 2.8. The emission spectral 
window of PFB 55c was the narrowest amongst the PFB series and the parent PFO 
polymers. The interactions between excited polymer chains inside the bulk 
polymer were reduced by the introduction of the 'kink' units and thus suppressing 
the emission from excimers due aggregation. W e therefore concluded that the PFB 
copolymers, especially PFB 55c, shown extremely attractive fluorescence properties 
over the original PFO homopolymer 3 in terms of narrow emission spectrum and 
high resistant to aggregation formations. 
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Figure 2.13 
Photoluminescence spectra (excitation at 320 nm) of PFO 3 and PFB 55a-c (top) and PFO 3 and PFC 
57a-c (bottom) in the solid state. 
Table 2.9 Photoluminescence emission peak wavelengths of PFO 3, PFB 55a-c and PFC 57a-c in 
thin-film solid state. 
Polymer PL Peaks (nm) Copolymers PL Peaks (run) Copolymers PL Peaks (nm) 
PFO 3 422, 447, 524 PFB 55a 422, 446, 525 PFC 57a 427, 446, 521 
PFB 55b 420,442 PFC 57b 425,444, 
PFB 55c 417,440 PFC 57c 421,446,519 
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As shown in Figure 2.13, the solid-state thin-film photoluminescence spectra of 
PFC 57a-c shared similar features to the emission pattern observed for PFO 3. The 
emission peaks correspond to aggregations in the range 450 nm to 550 nm were 
observed in the PFC series but the relative intensities were slightly lower than that of 
the PFO homopolymer 3. 
4. Device fabrications 
All the polymers, PFO 3, PFB 55a-c and PFC 57a-c, were fabricated into LED 
cell having a common device structure glass/ITO/PEDOT:PSS/polymer/Ca/Ag. 
The ITO-coated glass with 50 Q / D was provided from Varitronix Limited in a 3 cm 
X 3 cm dimension with electrodes pattern as shown in Figure 2.14. Cleaning 
process of the ITO-coated glass included immersing the glass into solutions in the 
following sequence: acetone, deionized water, detergent solution, deionized water for 
three times and finally /^ •opropanol. The glass was placed in each solution for 10 
min with sonication and then pluged with nitrogen and heated in a vacuum oven at 
80 for 30 min. Prior to the spin-coating of the PEDOT:PSS layer, the glass was 
cleaned with ozone by means of U V irradiation under a steam of oxygen at a rate of 
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40 cm^ / min for 30 min and the treated ITO-coated glass was used for spin-coating 
immediately (< 1 min). The PEDOT:PSS aqueous solution was purchased form 
Bayer (Bayton 4380, 1.5 % w/w ofPEDOT) and filtered with Whatman PVDF 0.45 
jam pore size syringe filter. 1 m L of the filtered solution was placed onto the 
cleaned ITO-coated glass and spin-coated at 2000 rpm for 1 min and the 
PEDOT-coated glass was dried in vacuum oven at 80 °C for 2 h. Spin-coating of 
the light emitting polymers solution (3 % w/w in toluene) was done in a dry box — 
high vacuum integrated system (Figure 2.16) with controlled oxygen (< 0.8 ppm) and 
moisture levels (< 4 ppm). The polymer-coated glass was patterned as shown in 
Figure 2.15 and the ITO cathode was exposed for electrical connection. After the 
patterning, the glass was masked and transferred into a high vacuum evaporation 
chamber and evacuated to 10'^  torr. Calcium and silver were deposited on the 
substrate by applying electrical power on filaments (12 A, 5 V for Ca and 19 A, 17 V 
for Ag) and the thickness of the metal layers were monitored with a crystal oscillator. 
10 nm Ca was deposited at a rate of 1.2 A/s and 100 nm Ag was deposited at a rate of 
1.8 A/s. Finally the device was encapsulated in the dry box with commercially 
available UV-curable epoxy and a back cover glass (Figure 2.17). 
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Pattern of the ITO-coated glass used in our experiments. 
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The dry box - high vacuum integrated system. PLED fabricated with PFB 55b 
under forward bias. 
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5. I-V characterizations 
The I-V characteristics and the turn-on voltages of the devices were shown 
Figure 2.18 and Table 2.10 respectively. Most devices have a tum-on voltage less 
than 7 V. No clear correlation between the polymer structure and I-V characteristics 
was observed in both PFB 55 and PFC 57 series. Device with PFB 55c has a 
tum-on voltage 5.8 V and is only 2.2 V higher than the parent PFO 3, nevertheless, 
the current density of device with PFB 55c is twice higher than that with PFO 3 at 10 
V. Devices with PFB 55a and PFB 55b have similar I-V curves with tum-on 
voltages near 6 V. Comparable I-V patterns were found in the devices with PFO 3 
and PFC 51 series but higher turn-on voltages were observed for the latter 
copolymers. 
Table 2.10 Tum-on voltage of ITO/PEDOT:PSS/polymer/Ca/Ag devices. 
Polymer Tum-on Copolymers Tum-on Copolymers Tum-on 
voltage (V) voltage (V) voltage (V) 
PFO 3 3.5 PFB 55a 6.3 PFC 57a 7.2 
PFB 55b 6.5 PFC 57b 4.8 
PFB 55c 5.8 PFC 57c 6.0 
64 RESULTS AND DISCUSSION 
1 2 0 0 0 厂 
10000 - / 
乍 8000 - — P F O , 3 / 
I — P F B ： 55a / 
i 6000 - P F B : 55b / 
Q —-PFB： 55c / ^ ^ 
I 4000 - / 
。 z 
2000 - ^ ^ ^ ^  
^ ^ ^ ^ ^ ^ 
Q I I — _ — ^ I I i 
0 2 4 6 8 10 12 
Voltage (V) 
6000「 
5000 - 一 P F O 3 Z 
— P F C 57a 
cO PFC 57b y / ^ 
g 4000 - / 
^ -——PFC 57c / , 
I / / 
I 3000 - Z y 
• / z 
I 2000 - / Z 
� Z / 
1000 - / Z 
0 : ！ --- I ~ z ‘ ‘ 
0 2 4 6 8 10 12 
Voltage (V) 
Figure 2.18 
Current density - voltage characteristics of ITO/PEDOT:PSS/55/Ca/Ag devices (top) and 
ITO/PEDOT:PSS/57/Ca/Ag devices (bottom) in the comparison with ITO/PEDOT:PSS/PFO 3/Ca/Ag. 
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5. Electroluminescence 
Electroluminescences of the fabricated devices were obtained by a 
photospectrometer operated at constant operating voltage at 9 V and the results were 
shown in Figure 2.19. The major EL emission peaks in device fabricated with PFO 
3 are situated at 426 and 443 nm which corresponding to blue light emission. The 
EL emission from the monomeric exciton at 426 nm significant decreased in 
comparison with its solid-state PL. The EL spectrum of the device with PFB 55b 
also exhibited a blue emission maximum at 422 nm which was shorter than that of 
the PFO 3 emission. Interestingly, broad EL spectra were observed in devices 
fabricated with PFB 55a, PFC 57a and PFC 57b and white light emission can be 
realized. White-green light emissions were observed for the devices fabricated with 
PFB 55c and PFC 57c. 
Table 2.11 Electroluminescence emission peak wavelengths of PLEDs fabricated with PFO 3，PFB 
55a-c and PFC 57a-c having configuration ITO/PEDOT:PSS/polymer/Ca/Ag. 
• ‘ ‘ I ,.-•••,—— ,,,.-• —,,,-' M i . •••••• I , ‘ /••-::「• • 
Polymer EL Peaks (nm) Copolymers EL Peaks (nm) Copolymers EL Peaks (nm) 
PFO 3 426,443,470 PFB 55a 424,449,528 PFC 57a 455,523 
PFB 55b 422, 444 PFC 57b 426, 447，525 
PFB 55c 422, 442，520 PFC 57c 428，447, 520 
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Figure 2.19 
Electroluminescences of ITO/PEDOT:PSS/55/Ca/Ag devices (top) and ITO/PEDOT:PSS/57/Ca/Ag 
devices (bottom) in comparison with ITO/PEDOT:PSS/PFO 3/Ca/Ag. 
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III. CONCLUSION  
Two series of high molecular weight statistical copolymers, 
poly(9,9-dioctylfluorene-2,7-diyl->sta,-4，-methylbiphenyl-3,5-diyl) PFB 55a-c and 
poly(9,9-dioctylfluorene-2,7-diyl-加,-[2.2]pamcyclophane-4,12-diyl) PFC 57a-c, 
were synthesized by the Yamamoto nickel-mediated coupling reaction and their 
structural, optical, thermal, and electrical properties were characterized. The PFB 
series 55 performed better than the parent PFO 3 in the aspects of spectral features 
like narrower emission band width and less noticeable aggregation formation in 
solution. The excellent emission characteristic, simple synthetic procedure and 
high thermal stability demonstrated that the PFB series 55 is appropriate as an 
emissive layer for light-emitting devices. The PFC series 57 preserved the 
conjugation through unusual longitudinal through-space conjugation via the 
'2.2]paracyclophane unit and demonstrated similar spectroscopic properties to the 
parent PFO 3 with less aggregation observed. These copolymers could serve as 
non-planar analogs for the planar rigid-rod PFO homopolymer. Light-emitting 
devices fabricated with PFBs 55 and PFCs 57 gave slightly higher turn-on voltages 
as compare to the device with PFO 3. Device fabricated with copolymer PFB 55b 
exhibited blue light emission with a shorter emission maximum wavelength than the 
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parent homopolymer PFO 3. The broad emission spectra of the devices fabricated 
with PFB 55a, PFC 57a and PFC 57b suggested that they may be appropriate 
candidates for the construction of white light emitting devices. 
/ 
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IV. EXPERIMENTAL  
Melting points were taken on an Electrothermal 9100 apparatus and were 
uncorrected. ^H (300 MHz) and ^^ C (75 MHz) N M R spectra were acquired on a 
Briiker Advance D P X N M R spectrometer. All N M R measurements were carried 
out at room temperature in deuteriochloroform with T M S as internal standard. 
Chemical shifts are reported as parts per million (ppm) in 6 scale downfleld from 
TMS. Mass spectra were obtained on a ThermoFinnigan M A T 95 X L Mass 
Spectrometer using electron ionization (EI) technique. The reported molecular 
mass to charge ratios, unless otherwise specified, were monoisotopic mass. 
UV-visible spectroscopic measurements were recorded with a Varian Gary IE 
UV-Visible Spectrometer. Photoluminescence studies were done with a Hitachi 
F-4500 Fluorescence Spectrometer. Elemental analyses were carried out at 
M E D AC, Ltd., Brunei Science Center, Surrey, United Kingdom. Unless otherwise 
noted, all materials were obtained from commercial suppliers (Aldrich, Fluka or 
Acros) and used without purification. All anhydrous reactions were conducted 
under a dry nitrogen atmosphere with oven-dried (120 °C) glassware. Dry toluene 
was prepared by distilling from sodium under nitrogen. 2,7-Dibromofluorene 46 
was synthesized according a literature procedure.^ ^ 4,12-Dibromo[2.2]para-
cyclophane 56 was synthesized as described in Part II of this thesis. 
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2,7-Dibromo-9,9-di-w-octylfluorene 43.71 2,7-Dibromofluorene (12.00 g, 37 
mmol), 1 -bromooctane (17.84 g, 92 mmol), tetrabutylammonium bromide (0.90 g, 3 
mmol), toluene (80 ml), and 50% w/w sodium hydroxide solution (30 ml) were 
mixed and heated to 60 and the reaction was monitored with TLC. After 4 h, 
ethyl acetate (80 ml) was added and the organic layer was washed with water (50 ml 
X 3). The organic layer was separated and dried (MgSCU) and the solvent was 
removed on a rotatory evaporator. The residue was recrystallized from ethanol and 
the product 43 was obtained as a colorless crystal (20.29 g, 80 %), m.p. 46 - 48 
(lit.7i 44 — 47 OQ, IH-NMR (CDCI3) 0.58 — 0.60 (4 H, m, CH2), 0.82 (6 H, t,J= 7, 
CH3), 1.04 — 1.23 (20 H, m, CH2), 1.90 - 1.93 (4 H, m, CH2), 7.47 - 7.53 (6 H, m, 
ArH); 13C-NMR (CDCI3) 14.1, 22.6, 23.6, 29.1, 29.9, 31.7, 40.1, 55.7, 121.1, 121.5, 
126.1, 130.1, 139.0，152.5; M S (EI, m/z) 548 [M+, 40 %]; H R M S Calcd. for 
C29H4oBr2： 546.1491, Found: 546.1503. 
3,5-Dibromo-4,-methylbiphenyl 52. 1,3,5-tribromobenzene (6.28 g 20 mmol) 
4-tolylboronic acicP (2.44 g 18 mmol), Pd(PPh3)4 (1.15 g, 1 mmol), PhMe (50 ml), 
and 2 M aq. NasCOg solution (10 ml) were mixed and heated to 80 ^ C under N2 and 
the reaction was monitored with TLC. After 12 h, ethyl acetate (80 ml) was added 
and the organic layer was washed with water (50 ml x 3). The organic layer was 
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separated and dried (MgSCU) and the solvent was removed on a rotatory evaporator. 
The residue was purified by flash column chromatography (hexane) and the product 
52 was obtained as a white solid (5.87 g, 85 %), RfO.65 (hexane), m.p. 62 — 65 
IH-NMR (CDCI3) 2.37, (3 H, S, CH3), 7.22, (2 H, D,J= 8, ARH)’ 7.38, (2 H, D,J= 8, 
ArH), 7.58, (1 H, d, J= 2, ArH), 7.60, (2 H, d, J二 2, ArH); ^ ^C-NMR (CDCI3); 21.1, 
123.2, 126.8, 128.7, 129.7, 132.2, 135.3, 138.4, 144.6; M S (EI, m/z) 325 [M+, 100 %]; 
H R M S Calcd. for CnHioBr�：325.9125, Found: 325.9121; Anal. Calcd. for 
Ci3HioBr2： C, 47.89; H, 3.09. Found: C, 47.57; H, 2.89. 
General procedure for polymerizations. Bis(cyclooctadiene)nickel(0) (0.619 g, 
2.20 mmol), 2,2'-dipyridyl (0.243 g, 2.20 mmol), 1,5-cyclooctadiene (0.352 g, 2.20 
mmol), and D M F (5 ml) were charged in a oven-dried Schlenk tube. After three 
freezing-thaw cycles, the mixture was heated to 80 for half an hour to form a deep 
purple complex. 2,7-Dibromo-9,9-di-n-octylfluorene 43 and 3,5-dibromo-4'-
methylbiphenyl 52 (or 4,12-dibromo[2.2]paracyclophane 56 for PFC 57 series) in 
degassed toluene (6 ml) were then added to the activated catalyst and heated at 80 
for 3 d. After cooling to room temperature, the reaction mixture was poured into a 
solution of 1 M H C l (100 ml), acetone (100 ml), and M e O H (100 ml) and stirred for 
1.5 h. The yellow solid was collected with stainless steel sieve and redissolved in 
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minimum amount of warm CHCI3 and precipitated in M e O H (100 ml for 1 ml of the 
polymer solution). The pale yellow solid was collected and dried in vacuum at 50 
for 24 h. 
Poly(9,9-di-«-octylfluorene-2,7-diyl) PFO 3. Starting from 2,7-dibromo-9,9-di-"-
octylfluorene 43 (0.494 g, 0.90 mmol), the resultant polymer was obtained as a 
yellow solid (0.32 g, 92 % yield). ^H-NMR (CDCI3) 0.79 - 0.84 (10 H, m, CH3CH2), 
1.14 (20 H , br s, CH2), 2.12 (4 H , br s, CH2), 7.68 (4 H，br s, ArH), 7.83 - 7.86 (2 H , 
br m, ArH); ^ ^C-NMR (CDCI3) 14.1, 22.6, 23.9, 29.2, 30.0, 31.8, 40.4, 55.3, 120.0, 
121.5, 126.1, 140.0, 140.5, 151.8. 
Poly(9,9-dioctylfluorene-2,7-diyl-5/fl/-4'-methylbiphenyl-3,5-diyl) PFB 55a. 
Copolymerization of 2,7-dibromo-9,9-di-^ -octylfluorene 43 (0.274 g, 0.5 mmol) and 
3,5-dibromo-4‘-methyIbipheny1 52 (0.033 g, 0.1 mmol) in a 5:1 ratio produced the 
titled compound 55a as a light yellow solid (0.21 g, 85 %). ^H-NMR (CDCI3) 
0.79 — 0.83 (43 H, m, CH3CH2), 1.14 (98 H, br s, CH2), 2.11 (13 H, br s, CH2), 2.46 
(3 H, br s, CH3), 7.34 - 7.36 (2 H, br m, ArH), 7.68 — 7.78 (20 H, br m, ArH), 7.83 — 
7.91 (10 H, br m, ArH); " C - N M R (CDCI3) 14.1, 21.2, 22.6, 23.9, 29.2, 30.0, 31.8, 
40.4, 55.3, 120.0, 121.5, 126.2, 127.4, 129.6, 140.0, 140.5, 151.8. 
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Poly(9,9-dioctylfluorene-2,7-diyl-5/fl^-4'-methylbiphenyl-3,5-diyl) PFB 55b. 
Copolymerization of 2,7-dibromo-9,9-di-/i-octylfluorene 43 (0.274 g, 0.5 mmol) and 
3,5-dibromo-4‘-methylbipheny1 52 (0.058 g, 0.2 mmol) in a 2.5:1 ratio produced the 
titled compound 55b as a light yellow solid (0.20 g, 89 %). ^H-NMR (CDCI3) 
0.80 — 0.81 (20 H, m, CH3CH2), 1.13 (45 H, br s, CH2), 2.11 (8 H, br s, CH2), 2.45 (3 
H, br s, CH3), 7.34 (2 H, br s, ArH), 7.68 — 7.20 (10 H, br m, ArH), 7.86 - 7.91 (6 H, 
br m, ArH); ^ ^C-NMR (CDCI3) 14.1, 21.2, 22.6, 23.9, 29.2, 30.0, 31.8, 40.4, 55.3, 
120.0, 121.5, 121.8, 126.2, 127.3, 129.6, 137.5, 140.0, 140.5, 142.5, 142.9, 151.8. 
Poly(9,9-dioctymuorene-2,7-diyl-5^fl/-4'-methylbiphenyl-3,5-diyl) PFB 55c. 
Copolymerization of 2,7-dibromo-9,9-di-/7-octylfluorene 43 (0.274 g, 0.5 mmol) and 
3,5-dibromo-4‘-methylbipheny1 52 (0.163 g, 0.5 mmol) in a 1:1 ratio produced the 
titled compound 55c as a white solid (0.25 g, 91 %). ^H-NMR (CDCI3) 0.79 (10 H, 
br s, CH2CH3), 1.12 (21 H, br s, CH2), 2.09 (4 H, br s，CH2), 2.45 (3 H, br s, CH3), 
7.33 (2 H, br s, ArH), 7.67 - 7.70 (6 H, br m, ArH), 7.90 - 7.95 (5 H, br m, ArH); 
" C - N M R (CDCI3) 14.1, 21.2, 22.6, 23.9, 29.2, 30.0, 31.8, 40.4, 55.4, 120.1, 121.5, 
121.8, 125.3, 126.2, 127.3, 129.6, 140.0, 142.5, 151.8. 
Poly(9，9-dioctymuorene-2,7-diyl-_-[2.2]paracyclophane-4,12-diyl) PFC 57a. 
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Copolymerization of 2,7-dibromo-9,9-di-/?-octylfluorene 43 (0.548 g, 1.0 mmol) and 
4,12-dibromo[2.2]paracyclophane 56 (0.037 g, 0.1 mmol) in a 10:1 ratio produced 
the titled compound 57a as a light yellow solid (0.37 g, 92 %). ^H-NMR (CDCI3) 
0.79 — 0.84 (12 H, br m, CH2CH3), 1.15 (23 H, br s, CH2), 2.10 (4 H, br s, CH2), 
2.90 一 3.67 (0.7 H, br m, CH2), 6.73 — 6.91 (0.5 H, br m, ArH), 7.68 — 7.70 (6 H, br 
m, ArH), 7.84 — 7.86 (3 H, br m, ArH); " C - N M R (CDCI3) 14.1, 22.6, 23.9, 29.2, 
30.0, 30.9, 31.8, 40.4, 55.3, 120.0, 121.5, 126.2, 140.0, 140.5, 151.8. 
Poly(9,9-dioctylfluorene-2,7-diyl-5^a^[2.2]paracyclophane-4,12-diyl) PFC 57b. 
Copolymerization of 2,7-dibromo-9,9-di-«-octylfluorene 43 (0.548 g, 1.0 mmol) and 
4,12-dibromo[2.2]paracyclophane 56 (0.074 g, 0.2 mmol) in a 5:1 ratio produced the 
titled compound 57b as a light yellow solid (0.39 g, 90 %). ^H-NMR (CDCI3) 
0.76 — 0.84 (13 H, br m, CH2CH3), 1.15 (26 H, br s, CH2), 2.13 (4 H, br s, CH2), 
2.93 - 3,60 (1.1 H, br m, CEb), 6.73 - 6.91 (0.8 H, br m, ArH), 7.68 — 7.70 (6 H, br 
m, ArH), 7.83 — 7.86 (3 H, br m, ArH); " C - N M R (CDCI3) 14.1, 21.2, 22.6, 23.9, 
29.2, 30.0, 31.8, 40.4, 55.3, 120.0, 121.5, 126.2, 127.4, 129.6, 140.0, 140.5, 151.8. 
Poly(9,9-dioctylfluorene-2,7-diyl-5^fl^[2.2]paracyclophane-4,12-diyl) PFC 57c. 
Copolymerization of 2,7-dibromo-9,9-di介octylfluorene 43 (0.548 g, 1.0 mmol) and 
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4,12-dibromo[2.2]paracyclophane 56 (0.219 g, 0.6 mmol) in a 1.5:1 ratio produced 
the titled compound 57c as a yellow solid (0.511 g, 87 %). ^H-NMR (CDCI3) 
0.74 — 0.88 (11 H, br m, CH2CH3), 1.15 - 1.20 (23 H, br m, CH2), 2.13 (4 H, br s， 
C H 2 ) , 3.08 - 3.15 (1.6 H, br m, C H 2 ) , 6.48 — 6.79 (1.3 H, br m, ArH), 7.68 — 7.70 (6 
H, br m, ArH), 7.83 — 7.86 (3 H, br m, ArH); " C - N M R (CDCI3) 14.1, 22.6, 23.9, 
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APPENDIX N M R SPECTRA  
1. ^H N M R spectrum of 2,7-dibromo-9,9-di-^-octylfluorene 43 p. 84 
2. 13c N M R spectrum of 2,7-dibromo-9,9-di-^-octylfluorene 43 p. 85 
3. ^H N M R spectrum of 3,5-dibromo-4'-methylbiphenyl 52 p. 86 
4. 13c N M R spectrum of 3,5-dibromo-4'-methylbiphenyl 52 p. 87 
5. ^H N M R spectrum of poly(9,9-di-"-octylfliiorene-2,7-diyl) PFO 3 p. 88 
6. 13c N M R spectrum of poly(9,9-di-/7-octylfluorene-2,7-diyl) PFO 3 p. 89 
7. 1H N M R spectrum of poly(9,9-dioctylfluorene-2,7-diyl-5'to/-4'- p. 90 
methylbiphenyl-3,5-diyl) PFB 55a 
8. 13c N M R spectrum of poly(9,9-dioctylfluorene-2,7-diyl-^a"4,- p. 91 
methylbiphenyl-3,5-diyl) PFB 55a 
9. 1h N M R spectrum of poly(9,9-dioctylfluorene-2,7-diyl-5•如"4,- p. 92 
methylbiphenyl-3,5-diyl) PFB 55b 
10. 13c N M R spectrum of poly(9,9-dioctylfluorene-2,7-diyl-灯(2,-4，- p. 93 
methylbiphenyl-3,5-diyl) PFB 55b 
11. 1H N M R spectrum of poly(9,9-dioctylfluorene-2,7-diyl-6i^ a"4，- p. 94 
methylbiphenyl-3,5-diyl) PFB 55c 
12. 13c N M R spectrum of poly(9,9-dioctylfliiorene-2,7-diyl-«s"to"4，- p. 95 
methylbiphenyl-3,5-diyl) PFB 55c 
13. ^H N M R spectrum of poly(9,9-dioctylfluorene-2,7-diyl-对a,- p. 96 
[2.2]paracyclophane-4,12-diyl) PFC 57a 
14. 13c N M R spectrum of poly(9,9-dioctylfluorene-2,7-diyl-6"/^ a" p. 97 
[2.2]paracyclophane-4,12-diyl) PFC 57a 
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15. 1h N M R spectrum of poly(9,9-dioctylfluorene-2,7-diyl-5'tor- p. 98 
[2.2]paracyclophane-4,12-diyl) PFC 57b 
16. 13c N M R spectrum of poly(9,9-dioctylfliiorene-2,7-diyl-对a" p. 99 
[2.2]paracyclophane-4,l2-diyl) PFC 57b 
17. 1h N M R spectrum of poly(9,9-dioctylfluorene-2,7-diyl-於a" p. 100 
[2.2]paracyclophane-4,12-diyl) PFC 57c 
18. 13c N M R spectrum of poly(9,9-dioctylfluorene-2,7-diyl-^ to/- p. 101 






















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































REGIO-SPECIFIC SYNTHESIS OF FUNCTIONALIZED 
[2.2]PARACYCLOPHANES 
I. INTRODUCTION  
1. Background 
In the second part of this thesis we will report the development of a new and 
improved synthetic methodology of some [2.2]paracyclophane (PCP) derivatives. The 
results reported here arise from the need to prepare some [2.2]paracyclophanes for use in 
the construction of PCP-PFO copolymers. Due to their structurally rigidity, PCPs are 
important intermediates for the construction of a wide range of structurally defined 
molecular hosts] Furthermore, PCPs derivatives can be utilized as precursor 
molecules towards the synthesis of poly(p-xylene) polymers via chemical vapor 
deposition polymerization? As already been shown in the first part of this thesis, they 
can also be used to prepare model electroluminescence or photoluminescence 
compounds to investigate the TT, 7r-transannular interaction between the two aromatic 
rings. 
The term cyclophane is used to describe any organic molecule containing an 
aromatic ring bridged by at least one aliphatic ^ -membered bridge with n > 0.3 The 
number of atoms, n, in each bridge is designed in brackets in front of the name 
cyclophane, along with a prefix (ortho、meta- or para-) indicating the substitution 
pattern of the aromatic ring(s). 
Amongst the various types of cyclophanes, those containing two aromatic rings 
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connected by two short aliphatic bridges {i.e. [m.n]cyclophanes, m and n < 3) are 
particularly appealing to chemists. The conformational rigidity of the a-skeleton 
renders them unique models to examine all sorts of questions related to the bonding 
nature, angle strain and transannular electron interactions of the system. As a result, a 
number of synthetic weaponry has been developed towards their synthesis. In the next 
section, we will limit our discussions to the various synthesis routes of 
[2.2]paracyclophane due to their relevance to our work. 
2. Synthetic Route to [2.2]Paracyclophane 
2.1. Macrocyclization via Wurtz coupling 
The parent compound, [2.2]paracyclophane 58 in which two benzene rings are held 
face-to-face by two ethylene bridges was isolated by Brown and Farthing by extraction 
from the pyrolysis products of ；>xylene.4 Cram and Steinberg subsequently published 
the first direct synthesis of [2.2]paracyclophane from dibenzyl 59 (Scheme 1.1).^  
Compound 59 was first subjected to bromomethylation to afford 
l,2-bis(4-bromomethylphenyl)ethane 60 which then subjected to intramolecular Wiirtz 
coupling to give [2.2]paracyclophane 58 (2 %) together with polymeric by-products. 
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Br、 O rS J ； V r ^ 
f ~ • y • + Polymer 
6 rS ^ 
Br」 
59 60 58 
Scheme 1.1 
Reagents and conditions: i. 48% aq. HBr, (HCHO)n, room temperature, 1 h, 75 %. ii. Na, xylene, reflux, 1 
h, 2 %. 
Dyson reported an ingenuous method to improve the yield of the Wurtz 
homocoupling reaction by complexing the aromatic ring with a tricarbonylchromium 
group (Scheme 1.2).^  The presence of the Cr(C0)3 moiety leads to a reduction of 
electron density of the aromatic ring and thus reducing the electronic repulsion between 
the two closely interacted rings during cyclization. Further, the radicals formed during 
the reductive coupling step are also stabilized by this electronic reduction. Hence, 
Wurtz coupling of the dibromide 61 gave the complexed cyclophane 62 in 36 % yield. 
The corresponding metal-free [2.2]paracyclophane 58 was then obtained from the 
removal of tricarbonylchromium groups by oxidation using oxygen and light in 
quantitative yield. 
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^ ^ C O 
•oCf、 
61 62 58 
Scheme 1.2 
Reagents and conditions: i. Na, dioxane, reflux, 36 %. ii. O2, hv, 100 %. 
Low-valent iodides of samarium, cerium, and Misch metal (an alloy of Ce, La, Nd, 
Pr, Fe, Sm, and others) could also be used as the coupling agents (Scheme 1.3)/ 
Cyclophane formation was performed at room temperature in dry THF. 
7.2]Paracyclophane 58 was obtained in 38 % in the presence of Misch iodide from 
l,4-di(bromomethyl)benzene 63. A number of debromination as well as un-cyclized 
products were also formed. 
Br、 D X i r^^n X X 1 丄 
V 一 ⑤ + 9 9 + 种 
Br」 Br Br I 
63 58 64 65 66 67 
Scheme 1.3 
Reagents and conditions: i. Misch iodide, THF, room temperature, 38 %. 
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2.2. Extrusion of small gaseous molecules form macrocyclic precursors 
Kaplan synthesized [2.2]paracyclophane by photoextrusion of carbon dioxide from 
a cyclic diester 69 prepared from a macrocyclization by reacting the silver salt of 
1,4-benzenediacetate 68 and 1,4-di(bromomethyl)benzene 63 in refluxing acetonitrile 
Q 
(Scheme 1.4). Under light irradiation at 254 nm, the cyclic diester 69 underwent 
double photodecarboxylation to give [2.2]paracyclophane 58 in 70 % yield. 
O A_g+ 广 % 0 
CHTO^ + 9 人 0 0 
68 63 。69 
H ii 
L ^ J + 2 C 0 2 
58 
Scheme 1.4 
Reagents and conditions: i. CH3CN, reflux, 40 %. ii. hv, (CHsOMe)�，room temperature, 70 %. 
Shinmyozu demonstrated that photoinduced decarbonylation could provide an 
alternative synthetic route to [2.2]paracyclophane 58 (Scheme 1.5).^  Hence 
photochemical irradiation of a highly diluted solution (7.3 x 10—4 M) of 
[3.3]paracyclophane-2,ll-dione 70 in benzene afforded [2.2]paracyclophane 58 in 97 % 
yield after 4 h. 
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o 
r A rrS i r ^ ^ ^ 
I ^ I / • + 2 C O 
Sr — 
〇 
70 58 ^ 
Scheme 1.5 卓 ） 
Reagents and conditions: i. C^He, hv, 4 h, 97 %. \ 
Givens and Olsen presented another general route to [2.2]paracyclophane 58 via 
photoextrusion of sulfur dioxide from a bis-sulfone precursor 73 (Scheme 1.6)」。 
Dithiacyclophane 72 was prepared from the cyclization of the dibromide 63 and a dithiol 
71 in 81 % yield. The bi-sulfide 72 was then oxidized by w-CPBA to produce the 
bis-sulfone 73. Photoextrusion of sulfur dioxide was done by irradiation with a 450 W 
Hanovia medium-pressure lamp on a suspension of the bis-sulfone in benzene. The yield 
of [2.2]paracyclophane 58 was 54 % based on the recovered bis-sulfone. This new 
route can also be adapted to the synthesis of other cyclophanes containing naphthalene 
nuclei. 
63 71 72 
... 
- i V 〇2S, ^ ^ >02 - J V 
73 58 
Scheme 1.6 
Reagents and conditions: i. 1. (NH2)2CS, EtOH/CgHe. 2. aq. KOH, 81 %. ii. 1 M aq. NaOH, EtOH/CeHg, 
reflux, iii. m-CPBA, CHCI3, 55 %. iv. hv, 54 %. 
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2.3. Dimerization of；>xylylene 
Another practical approach to obtain [2.2]paracyclophane 58 was from the 
dimerization of xylylene 77 generated from the 1,6-Hoffmann elimination of 
4-methylbenzylammonium hydroxide 76 reported by Winberg and Fawcett (Scheme 
1.7). 11 Nucleophilic substitution of 4-methylbenzyl bromide 74 with trimethylamine 
gave the corresponding ammonium salt 75. Anion exchange with silver(I) oxide in 
water gave the corresponding aqueous solution of (4-methylbenzyl)trimethyl ammonium 
hydroxide 76. 1,6-Hoffmann elimination was induced by heating the ammonium 
hydroxide solution in toluene with concomitant evolution of trimethylamine gas. The 
xylylene 77 formed then underwent dimerization to give [2.2]paracyclophane 58 in 11 % 
yield. A substantial amount of polymeric product was also formed which could be 
suppressed by the addition of a polymerization inhibitor phenothiazine 78. 
X- j # + H20 + .Me3 
74 X = B r 7 5 ~ | 77 
ii 
X = 〇H76+ 
2 77 • + polymer 
58 
H 
y T T I 
78 
Scheme 1.7 
Reagents and conditions: i. NMe�，Et2〇，room temperature, 2 h, 100 %. ii. AgaO, H2O, room temperature, 
2h. iii. PhMe, reflux, 11 %. 
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Later, Saegusa presented a modification of the Winberg approach through a 
fluoride-induced 1,6-elimination.^ ^ The silylated ammonium salt 82 was prepared by 
the ara-selective chloromethylation of benzyltrimethylsilane 79 followed by Sn2 
reaction with dimethylamine and finally converted into ammonium salt 82 with methyl 
iodide (Scheme 1.8). Addition of tetrabutylammonium fluoride (TBAF) to a refluxing 
solution of {44(trimethylsilyl)methyl]benzyl}trimethylammonium iodide 82 in 
acetonitrile then smoothly produced [2.2]paracyclophane 58 in 56 % yield in a milligram 
scale. The yield of this reaction was much higher then that reported by Winberg, but 
the synthesis of the precursor molecule was quite tedious. 
JC J'C /SC .sC 
A i A ii f S iii f A 
一 Y — ^ — y 
cr 1 ^N^ |-
I 




Polymer +1/2 ~ ^ ~ I I T 
58 77 
Scheme 1.8 
Reagents and conditions: i. CH3OCH2CI, SnCl*. ii. MeaNH. iii. CH3I. iv. TBAF, CH3CN, reflux, 56 %. 
Hopf also disclosed a new synthetic methodology towards tetrasubstituted 
[2.2]paracyclophanes by generating the xylylene intermediate 85 through a Diels-Alder 
cycloaddition reaction (Scheme 1.9)” Hence [2.2]paracyclophane derivatives 86 and 
87 were obtained in a 1:1 ratio from the dimerization of the highly reactive xylylene 
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intermediate 85 prepared in situ from the cycloaddition of 1,2,4,5-hexatetraene 83 and 
4,4-diethoxy-2-butynal 84 in toluene at 70 for 24 h in 84 % yield. In this 
pre-functionalized approach, no regioselectivity was observed with regard to the relative 
disposition of the substituents on the aromatic nuclei. 
y 广〇 o r , 丨 丨 丄 r V 
V E t o J 一 V ^ O E t 
OEt 〇Et 
83 84 85 
〇 〇 OEt 〇 
2 85 V S f i T + Et〇"VS f f r 
E i O y A J K ^ A y O E t ^ ^ A J ll^^OEt 
OEt OEt O ‘ ― O E t 
86 87 
Scheme 1.9 
Reagents and conditions: i. PhMe, 70 °C 24 h, 84 %. 
2.4. Miscellaneous methods 
Very recently, MacGillivary and Friscic synthesized a substituted 
[2.2]paracyclophane 90 using a template strategy in the crystalline state (Scheme 
1.10). 14 A template 4-benzylresorcinol 88 was used to co-crystallize with a diolefm 89 
in 1:1 ratio in nitromethane. X-ray crystal structure analysis of the co-crystal showed 
the presence of a four-component molecular assembly 2(88).2(89) in which the C-C 
double bonds were in close proximity to each other. A [2+2] photodimerization was 
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preformed by irradiating the powdered crystalline sample of 2(88).2(89) under U V and 
paracyclophane 90 was furnished in 88 % yield. 
� • • … H � 





Reagents and conditions', i. hv 
3. Synthetic Routes to Substituted [2.2]ParacycIophanes 
[2.2]Paracyclophane 58 itself is non-chiral. However, addition of substituents to 
the aromatic nuclei removes the molecular symmetry and can result in the formation of 
planar chiral molecules. Mono-substituted [2.2]paracyclophanes 2 and tri-substituted 
'2.2]paracyclophanes are inherently chiral because the substituted aromatic ring cannot 
freely rotate around the j^ ara-phenylene axis at room temperature (Figure 1.1). 
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Mono substituted 




r ^ r ^ r ^ 
R ^ ^ ^ R R R 
4,5-disubstituted 4,8-disubstituted 4,7-disubstituted* 
r ^ ^ r ^ ^ i r ^ ^ 
R R R R 
4,15-disubstituted 4,16-disubstituted* 4,12-disubstituted 4,13-disubstituted* 
Trisubstituted (only those of higher symmetry are shown here) 
r ^ r ^ ^ 
4,5,16-trisubstituted* 4,5,13-trisubstituted* 4,8,13-trisubstituted* 4,8,12-trisubstituted* 
^ ^ R ^ ^ R ^ ^ 
R R I ? “ R 
4,7,15-trisubstituted* 4,7,13-trisubstituted* 4,5,8-trisubstituted* 
Figure 1.1 
Structures of homo mono-, di-, tri- and tetra-substituted [2.2]paracyclophanes, the chiral ones are labeled 
with 
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Tetrasubstituted (only those of higher symmetry are shown here) 
R R 
4,5,7,8-tetrasubstituted 
r ^ - i r - ^ ^ r ^ - . 
R ~ R R “ R ^ R 
4,5,15,16-tetrasubstituted 4,5,15,16-tetrasubstituted 4,8,12,16-tetrasubstituted 
R ^ R ^ ^ R ^ ^ 
L ^ L ^ 
R R 
4,8,13,15-tetrasubstituted 4,7,13,16-tetrasubstituted* 4,7，12，15-tetrasubstituted 
Figure 1.1 (Continued) 
The situation with the homo di-substituted derivatives is more complex. Of the 
seven possible position isomers, only the 4,7-, 4,16- and 4,13-derivatives are optically 
active. The number of possible position isomers of the homo tetrasubstituted 
2.2]paracyclophanes is even more. Among those possessing higher symmetry (Figure 
1.1), only 4,7,13,16-tetrasubstituted compound is chiral. 
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Optically active [2.2]paracyclophanes offer a repertoire of chiral pools that can be 
used as chiral auxiliaries or ligands in asymmetric synthesis.^ ^ However, efficient 
synthetic routes to these compounds are still limited, and most of the research work has 
been devoted to the preparation of mono- and di-substituted compounds only. 
As expected, introduction of substituents seldom performed prior to the cyclophane 
formation step due to low yielding of this cyclization reaction. Instead most of the 
established procedures made use of a post-functionalization strategy, i.e. 
functionalization was conducted on the parent [2.2]paracyclophane 58. In the 
following sections, we will therefore highlight the most significant synthetic 
developments in this area. 
3.1. Functionalization of [2.2]pracyclophane 
The electrophilic aromatic substitution reaction of [2.2]paracyclophane 58 was 
studied by Cram extensively and their pioneering work had sparked off a massive 
investigation of the chemistry of this interesting compound.'^ Most of the work was 
concentrated on the mono-, di-, and tetra-functionalizations of the parent compound. 
3.1.1 Preparation of mono-substituted [2.2]paracyclophanes 
Theoretically, mono-substituted derivatives can be prepared by reacting 1 equiv. of 
the electrophile with 1 equivalent of [2.2]paracyclophane 58. Electrophilic aromatic 
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substitution of one of the benzene rings in [2.2]paracyclophane 58 furnishes a racemic 
mixture of 4-substituted [2.2]paracyclophane. Mono-nitration of [2.2]paracyclophane 
was achieved by treating 58 with highly hazardous 100 % nitric acid and 
perfluorocarbonsulfonic acid-based ion exchange resin (Nafion) (Scheme 1.11).口 
After purification by column chromatography, 4-nitro[2.2]paracyclophane 91 was 




Reagents and conditions', 100 % HNO3, Nafion, room temperature, 24 h, 95 %. 
[2.2]paracyclophane 58 can also be subjected to Friedel-Crafts acylation by using 
acid chloride and aluminium trichloride. Hopf synthesized methyl [2.2]paracyclo-
phane-4-carboxylate from 58 in a three-step manner in 96 % yield (Scheme 1.12).^ ^ 
On treatment with oxalyl chloride and aluminium trichloride at -10 
；2.2]paracyclophane 58 was converted to keto acid chloride 92. Stable methyl ester 
derivative 94 could be obtained by transforming the keto acid chloride 92 to acid 
chloride 93 by decarbonylation and then quenching with methanol. 
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R ^ N - ^ R ^ N n R ^ N iii R ^ N ^ ^ — • — • — •
o 乂 C I CI 0\ 
58 92 93 94 
Scheme 1.12 
Reagents and conditions: i. (C0C1)2, AICI3, - 1 0 � C , 20 min, 100 %; ii. PhCl, reflux, 40 h, 100 %; iii. 
MeOH, CH2CI2, reflux, 90 h, 96 %. 
Mono-halogenation by direct electrophilic aromatic substitution of 
2.2]paracyclophane 58 could be accomplished by exposing 58 to elemental halogens in 
the present of a Lewis catalyst. 4-Bromo[2.2]paracyclophane 95 was synthesized in 97 
0/0 yield from [2.2]paracyclophane by reaction with 1 equivalent of bromine in carbon 
tetrachloride and iron powder as catalyst (Scheme 1.13).'^  A total of 2 % by-products 
including unreacted [2.2]paracyclophane 58, 4,16-dibromo[2.2]paracyclophane 96 and 
4,12-dibromo[2.2]paracyclophane 97 could be identified by analytical HPLC. The 
desired 4-bromo[2.2]paracyclophane 95 was isolated by column chromatography 
employing hexane and CH2CI2 as eluent. Table 1.1 summarizes the results of the mono 
functionalization reactions of [2.2]paracyclophane 58. 
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R ^ ^ I R ^ ^ R ^ - I R ^ ^ ^ ^ ^ ^ 
• + + qY + 
Br Br ^ " ^ r 
58 95 58 96 97 
Scheme 1.13 
Reagents and conditions: i. Br�，CCI4, Fe, 15 min, room temperature, 97 %. 
Table 1.1 Monofunctionalization reaction of [2.2]paracyclophane. 
Substituent Mono-substitution By-products (%) Comments Literature 
(%) reference 
NO2 93 Not mentioned Hazardous 100 % nitric acid was 17 
used 
C02Me 96 Not mentioned More than 130 h are needed for 18 
the three steps synthetic route 
Br 97 2 Purification techniques such as 19 
sublimation and chromatography 
are needed 
3.1.2 Preparation of di-substituted [2.2]paracyclophanes 
The mono-substituted [2.2]paracyclophanes could undergo further substitution to 
provide di-substituted [2.2]paracyclophanes. For example, when two mole equivalents 
of bromine were added into a solution of [2.2]paracyclophane 58 in carbon tetrachloride, 
four isomeric dibromides and mono- and tri-substituted products were obtained in 
different yields (Scheme 1.14)」6，20 The major product, 4,12-dibromo[2.2]para-
cyclophane 97 obtained in 26 % yield, could not be isolated without contaminates even 
after repeating crystallizations and flash chromatography. ‘^ 
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R ^ ^ i R ^ ^ ^ R ^ ^ R ^ ^ 
^ Br + + + Sr 
Br Br ^ " ^ B r 
58 96 97 98 99 
Scheme 1.14 
Reagents and conditions: i. 2 Br:, CCI4, Fe, reflux, 4 h，26 %. 
In a similar manner, di-chlorination of [2.2]paracyclophane 58 could be achieved 
by the reaction between [2.2]paracyclophane 58 and chlorine gas with iron powder as 
the catalyst]6，20 八 mixture of dichloro- and trichloro-substituted [2.2]paracyclophanes 
instead of pure di-substituted product was obtained when the quantity of the chlorine 
electrophile was not specified.! 6 gy careful control of the amount of chlorine gas used, 
4,12-dichloro[2.2]paracyclophane 100 could be furnished by repeated recrystallization 





Reagents and conditions', i. 2 CI2, CCI4, Fe, room temperature, 4 h, 21 %. 
Di-nitration of [2.2]paracyclophane 58 by mixing it with fuming nitric acid (90 %) 
and acetic acid at 75 produces a mixture of 4-nitro[2.2]paracyclophane 101 (26 %), 
4,12-dinitro[2.2]paracyclophane 102 (1.4 %) and 4,13-dinitro[2.2]paracyclophane 103 
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(2 %), 4,15-dinitro[2.2]paracyclophane 104 (0.7 %) and 
4,16-dinitro[2.2]paracyclophane 105 (2 %). These compounds were separated by 
subsequent flash chromatography and recrystallization.^ ^ Significant improvement 
could be realized by replacing acetic acid with trifluoromethanesulfonic acid. 
4,12-dinitro[2.2]paracyclophane 102 could be accomplished in 93 % yield by treating 
[2.2]paracyclophane 58 with 100 % nitric acid and C F 3 S O 3 H in C H 2 C I 2 at — 20。C for 
120 min. (Scheme 1.16).'^  Table 1.2 summarizes the results of the di-functionalization 




Reagents and conditions: i. CF3SO3H/IOO % HNO3 (1:1), CH2CI2, - 78 3 h, 93 %. 
Table 1.2 Difuncitonalization reactions of [2.2]paracyclophane. 
Substituent 4,12-disubstitution By-product (%) Comments Literature 
(0/0) reference 
Br 26 27 Purification techniques such as flash 16 
chromatography and recrystallization 
are needed 
20 71 Repeated crystallizations are needed 20 
CI 10 30 Large amount of trichloro products 16 
were formed 
21 65 Repeated crystallizations are needed 20 
NO2 1 31 Mixture of mono-substituted and 16 
di-substituted products was produced 
93 Not mentioned Hazardous 100 % nitric acid was 17 
used 
119 INTRODUCTION 
3.1.3 Preparation of tri-substituted [2.2]paracyclophanes 
Due to the lack of molecular symmetry and the large number of possible isomers of 
tri-substituted [2.2]paracyclophanes, not much effort had been made towards the 
synthesis and isolation of pure non-isomeric tri-substituted [2.2]paracyclophane. As 
mentioned in Cram's studies, tribromination and trichlorination products were observed 
in 0.4 % and 30 % respectively during the electrophilic aromatic dihalogenation.^ ^ On 
the other hand, when [2.2]paracyclophane 58 is exposed to vaporous bromine, a mixture 
of 4,16-dibromo[2.2]paracyclophane 96, 4,7,13-tribromo[2.2]paracyclophane 106, and 
4,7,13,16-tetrabromo[2.2]paracyclophane 107, all with pseudo-o灯/zo orientation was 
？ 1 produced (Scheme 1.17). 
^ _ ^ 乂_、 v-Br 、、.Br 
r ^ ^ i r i ^ - i 
^ _ ^ • BrV + B r + 
Br Br Br 
58 96 106 107 
Scheme 1.17 
Reagents and conditions: i. vaporous bromine, room temperature, 30 %. 
3.1.4 Preparation of tetra-substituted [2.2]paracyclophanes 
A fourfold electrophilic halogenations of the eight aromatic positions on 
"2.2]paracyclophane 58 could be considered as a per-functionalization reaction since the 
two aromatic rings in [2.2]paracyclophane 58 behave like a single 7i-system.'^  
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Tri-functionalization on one of the aromatic rings of [2.2]paracyclophane 58 with 
mono-functionalization on the other is not observed due to the kinetic and electronic 
respects, whereas di-functionalization on each ring is generally found. 
Tetrabromination of [2.2]paracyclophane 58 by using excess bromine in the presence of 
an iron catalyst gave two isomeric products 4,7,13,16-tetrabromo[2.2]paracyclophane 
107 and 4,5,12,13-tetrabromo[2.2]paracyclophane 108 that could be separated by 
column chromatography in 28 % and 29 % yields respectively (Scheme 1.18).^ ^ 
\、.巳 r Br-.,,_^�.已 r 
Br 已 r " ^ “ Br 
58 107 108 
Scheme 1.18 
Reagents and conditions: i. excess Br�, CH2CI2, Fe, 1 h, reflux. 
3.1.5 Functional group conversions in [2.2]paracyclophanes 
Direct functionalizations of on the ring systems of [2.2]paracyclophane 58 were 
limited to Friedel-Crafts acylation and electrophilic aromatic halogenations and nitration. 
To broaden the spectrum of compounds containing [2.2]paracyclophane unit, most 
2.2]paracyclophane derivatives were synthesized through functional group 
transformations. 
Lithiation of 4,12-dibromo[2.2]paracyclophane 97 with /7-BuLi provided the 
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corresponding dilithiated intermediate 109, which could serve as a vital intermediate to 
be further transformed into a number of functionalized [2.2]paracyclophanes. For 
example, treatment of 109 with dimethyl sulfate gave dimethyl derivative 1 1 0 ; w i t h 
nitrobenzene produced a dihydroxy derivative 111, with iodine gave a diiodo 
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Reagents and conditions: i. /7-BuLi, Et�。，30 min, room temperature; ii. MesSO*, room temperature, 6 h, 
64 0/0; iii. PhN02, -78 5 h, MeOH, 56 %; iv. I2, room temperature, 26 %; v. dry ice, room temperature, 
95 0/0. 
4,12-Diamino[2.2]paracyclophane 114, which is a suitable monomer for chemical 
vapor deposition (CVD) polymer coatings, could be synthesized form the iron-mediated 
reduction of the corresponding dinitro precursor 105 (Scheme 1.20).'^  To improve the 
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yield and to avoid the undesired diazo compounds formation, triiron dodecacarbonyl 
was employed as an effective reducing agent under phase transfer conditions to give 




Reagents and conditions: i. Fe3(CO)i2, 18-crown-6, PhMe, 1 M aq. KOH, room temperature, 2 h, 95 %. 
Hence, one could conclude that although there are numerous methodologies for the 
functionalization of [2.2]paracyclophane 58, most of these suffer from disadvantages 
such as the lack of regio-selectivity and the complexity in preparation of starting 
materials. Undoubtedly, more effective and facile synthetic methods for specifically 
functionalized [2.2]paracyclophanes are vitally needed to broaden the horizon for the 
exploration of the [2.2]paracyclophane chemistry. 
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II. SYNTHETIC PLANS  
The main obscuration in the synthesis of substituted [2.2]paracyclophanes is the 
lack of regioselectivity during the functionalization of the [2.2]paracyclophane 58. 
There are eight aromatic protons on the two co-facial benzene rings that could be 
subjected to functionalization. After the first substitution, the corresponding 
mono-functionalized [2.2]paracyclophane becomes chiral and the subsequent 
substitutions induce regio- or stereoisomers. The regio-selectivity of the subsequent 
substitution on [2.2]paracyclophane is controlled by the integrated electronic and 
steric effects of the first substituents. In most situations, a mixture of regio-isomers 
is obtained. 
Our synthetic strategy towards substituted [2.2]paracyclophanes employs a 
pre-functionalization approach; the functionalities are introduced to the aromatic 
rings prior to the cyclization step (Scheme 2.1). The Winberg and Fawcett 
reaction^  ^  was used for the cyclophane formation since this procedure involved a 
straightforward 1,6-elimination of substituted 4-(trimethylammonium methyl)toluene 
58 that can generally be prepared in less than four steps from commercially available 
starting materials. In addition, this cyclization method involves relatively mild 
124 SYNTHETIC PLANS 
conditions without reactive coupling reagents (e.g. sodium in Wiirtz coupling) and 
hence, higher tolerance for the functional groups would be expected during the final 
cyclization. More importantly, this procedure can be scaled up to multi-gram scale. 
Xn 





Reagents and conditions: i. PhMe, reflux, 3 h. 
However, such a synthetic approach to [2.2]paracyclophane derivatives would 
be of little practical use if a mixture of position isomers were to form from the 
dimerization of the xylylene intermediate. This is because we already know that the 
isomers are very difficult to separate. Nevertheless, we envisage that the 
dimerization should not be a random process due to steric reason (Scheme 2.2). For 
example, the mono-substituted xylylene 117 can dimerize in four possible modes. 
Because of steric repulsion between the substituents, only the dimerization mode 
(mode a) with the two X group in pseudo-^^ara orientation has the most stable 
transition state, while the others should be sterically less favorable processes. If the 
regio-selectivity can be controlled in such a manner, this modified procedure should 
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then be of high practical importance. 
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Dimerization of monosubstituted xylylene 117, the major product is shown in box. 
Similar analyses could also be performed on the three disubstituted 
regio-isomeric xylylene intermediates (Scheme 2.3). Based on the same argument, 
the 2,3-disubstituted xylylene 119, 2,5-disubstituted xylylene 120 and 
2,6-disubstituted xylylene 121 should produce 4,5,12,13-tetrasubstituted 122, 
4,7,13,16-tetrasubstituted 123, 4,8,12,16-tetrasubstituted 124, respectively as the sole 
product. 
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Scheme 2.3 
Dimerization of homo disubstituted xylylenes, the predicted major products are shown in boxes. 
Having discussed the mechanism and the selectivity of the dimerization, our 
goal was then to prepare the relevant mono-substituted 125, 2,5-disubstituted 126 
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and 2,6-disubstituted 127 (4-methylbenzyl)trimethylammonium hydroxide 
precursors. The corresponding 2,3-disubstituted derivatives were not prepared in 
this work due to the lack of simple and efficient synthetic route to these compounds. 
The functional group X chosen in our study were CI, Br, and Me, as these can be 
further transformed into other derivatives by functional group conversion reactions. 
j W ^ N M e g O H ^ " f P ^ N M e s O H ^ Y ' Y ^ N M e J O H 
X 
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III. RESULTS AND DISCUSSION  
The starting material for the Winberg/Fawcett 1,6-elimination - substituted 
(4-methylbenzyl)trimethylammonium hydroxides 115, can be prepared from 
commercially available starting materials (substituted ；?-xylenes 128 or substituted 
methyl toluates 129) in not more than four steps via high yielding functional group 
transformations (Scheme 3.1). 
X X 
^ _ , ^ ^ ^KV^NMeaBr . _ , {"、丫―eJOH 
128 130 132 
Y ^ O - X j \丫 O H 
129 131 
Scheme 3.1 
Retro-synthetic routes to substituted (4-methylbenzyl)trimethylammonium hydroxide 115. 
The ammonium hydroxide derivatives 115 were obtained by anion exchange 
from the corresponding ammonium bromides 132 in the presence of freshly prepared 
Ag20 in aqueous solution at room temperature for 1.5 h. Anion exchange from 
bromide the hydroxide is needed since the nucleophilicity of the bromide anion is not 
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strong enough to force the elimination to completion. Furthermore, the conjugated 
acid, HBr, formed by the elimination is too acidic and may retard the reaction. The 
ammonium bromides 132 could be prepared by the nucleophilic substitution of a 
benzylic bromides 130 with gaseous trimethylamine. The benzylic bromides 130, 
in turn, was synthesized from free radical bromination of substituted /^ -xylenes 128,22 
or from the corresponding methyl toluates 129 via reduction (lithium aluminium 
hydroxide or DIBAL-H) followed by bromination of the intermediate alcohols 129 
with PPhs and 
1. Effect of polymerization inhibitor 
The aqueous solution containing the ammonium hydroxides 115 after anion 
exchange was then subjected to 1,6-Hoffmann elimination by heating it in toluene 
using phenothiazine as a polymerization inhibitor according to the original reaction 
protocol (Scheme 3.2).^ ^ Water was removed by a Dean-Stark apparatus and the 
decomposition of the ammonium hydroxide salts 115 occurred as indicated by the 
evolution of trimethylamine gas. The p-xylylene intermediates 133 then dimerized 
to furnish the desired substituted [2.2]paracyclophanes 116 or underwent 
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polymerization to give poly(p-xylylene)s 134. 
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Reagents and conditions: i. PhMe, reflux. 
The utilization of phenothiazine as a polymerization inhibitor was vital in 
providing a good yield of [2.2]paracyclophanes. Because we did not have a stock 
of phenothiazine in our laboratory during the start of this project, we therefore 
employed 2-chlorophenothiazine as a substitute due to its availability. Interestingly, 
we noticed a doubling of the yield of substituted [2.2]paracyclophanes in all the 
reactions studied as compared to yields using phenothiazine. (See below sections for 
details) The effect of the nature of polymerization inhibitor has never been studied 
before. However, at this point we could not provide an explanation for the 
substantial improvement of product yields. 
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Figure 3.1 
Chemical structures of phenothiazine 78 and 2-chlorophenothiazine 135. 
2. Synthesis of 4,12-disbstituted [2.2]paracyclophanes 
2.1 Synthesis of 4,12-dibromo[2.2]paracyclophane 
4,12-Dibromo[2.2]paracyclophane 97 was prepared from commercially available 
2-bromo-/?-xylene 136. Free radical benzylic bromination of compound 136 with 
A^-bromosuccinimide and benzoyl peroxide in carbon tetrachloride furnished a 
regio-isomeric mixture of 2-bromo-4-bromomethyltoluene 137a and 
3-bromo-4-bromomethyltoluene 137b as an inseparable oil in 89 % yield (Scheme 
3.3). Nucleophilic substitution of the benzylic bromide 137 with trimethylamine in 
THF at room temperature provided the corresponding ammonium bromide salts 138 
as a white solid. After anion exchange with AgiO, the resulting ammonium 
hydroxide salts 139 were subjected to 1,6-Hoffmann elimination to give 
4,12-dibromo[2.2]paracyclophane 97 as the sole paracyclophane product as judging 
from the ^H N M R spectrum of the crude product. The dibromide 97 was then 
132 RESULTS AND DISCUSSION 
recrystallized from chloroform to afford white solids in 10 % and 22 % yield from 
the ammonium bromides 138 with phenothiazine 78 and 2-chlorophenothiazine 135, 
respectively as the inhibitor. The 4,12-disubstitution pattern was confirmed by 
X-ray crystallography of crystals obtained from recrystallization of a sample from 
dichloromethane (see Appendix I). The ^H-NMR data were also consistent with 
those reported in the literature.24 
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Reagents and conditions: i. NBS, (PhCO〕)�，CCI4, reflux, 3 h, 89 %. ii. NMe�，Et�。，room te perature, 
2 h, 100 %. iii. AgaO, H2O, room temperature, 2 h. iv. 78 or 135 (2.5 mol %)，PhMe, reflux. 
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2.2 Synthesis of 4,12-dichloro[2.2]paracyclophane 
In a similar manner, 4,12-dichloro[2.2]paracyclophane 100 was prepared form 
commercially available 2-chloro-;?-xylene 140. Free radical bromination of 
compound 140 was conducted as previously described and the two regio-isomeric 
mixture, 4-bromomethyl-2-chlorotoluene 141a and 4-bromomethyl-3 -chlorotoluene 
141b were obtained as an inseparable oil in 87 % yield. The ammonium bromide 
salts 142 obtained from the reaction of the benzyl bromides 141 with trimethylamine 
were found to be more hygroscopic than the salts 138. The ammonium bromide 
salts 142 were converted into the corresponding ammonium hydroxide salts 143 by 
AgiO treatment. After 1,6-Hoffmann elimination, 4,12-dichloro[2.2]para-
cyclophane 100 was obtained as a white solid. The yields of the reaction were 10 % 
and 20 % respectively from using phenothiazine 78 and 2-chlorophenothiazine 135. 
The ^H-NMR spectrum of the crude product indicated the presence of only one 
compound and the spectroscopic data were consistent with the data obtained in the 
literature. 16 The dichloride 100 was recrystallized from dichloromethane to give a 
sample suitable for X-ray crystallographic analysis (see Appendix I). 
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Reagents and conditions., i. NBS, (PhCO�)�，CCI4, reflux, 3 h, 87 %. ii. NMe�，EtaO, room temperature, 
2 h, 100 %. iii. AgaO, H2O，room temperature, 2 h. iv. iv. 78 or 135 (2.5 mol %), PhMe, reflux. , 
2.3 Synthesis of 4,12-dimethyl[2.2]paracyclophane 
Unlike 2-halo-/7-xylenes, free radical bromination of 1,2,4-trimethylbenzene 144 
gave a mixture of 1-, 2-, and 4-bromomethylxylenes (Scheme 3.5). On the other 
hand, reduction of commercially available methyl 3,4-dimethylbenzoate 145 with 
lithium aluminium hydride (LAH) gave the corresponding alcohol 146 in 92 % yield. 
Subsequent bromination with CBr4 and triphenylphosphine converted the benzyl 
alcohol 146 to the corresponding benzyl bromide 147. Following a similar 
procedure, the benzyl bromide 147 was transformed to the corresponding ammonium 
bromide salt 148 and finally the desired 4,12-dimethyl[2.2]paracyclophane 110 was 
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obtained after decomposition of the ammonium hydroxide salt (Scheme 3.6). The 
1 13 
H_ and C - N M R data matched well with those reported in the l i t e ra tu re ]6 Again, 
the yield of the reaction with 2-chlorophenothiazine (19 %) was about twice as that 
performed in the presence of phenothiazine (9 %). 
Y Y Y V + B r ^ ^ Y V + V V ^ B r 
144 
Scheme 3.5 
Reagents and conditions: i. NBS, (PhC02)2, CCI4, reflux, 3 h, 77 % 
Me^" 
148 Y = Br — 
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Reagents and conditions', i. LAH, THF, room temperature, 2 h，92 %. ii. CBr4, PPh�，THF, 4 h, 80 %. 
iii. NMes, Et�。，room temperature, 2 h, 99 %. iv. Ag�。，H2O, room temperature, 2 h. v. 78，or 135 (2 5 
mol %), PhMe, reflux. 
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3. Synthesis of 4,7,13,16-tetrasubstituted [2.2]paracyclophanes 
3.1 Synthesis of 4,7,13,16-tetrabromo[2.2]paracyclophane 
The examples chosen for the 4,7,13,16-tetrasubstituted [2.2]paracyclophanes 
were the tetrabromo- and tetrachloro-substituted analogs. Starting from readily 
available 2,5-dibromo-p-xylene 150, bromination under free radical conditions 
afforded 2,5-dibromo-4-bromomethyltoluene 151 in 93 % yield (Scheme 3.7). This 
compound was then converted to the corresponding ammonium bromide salt 152 as a 
white solid in 100 % yield. After anion exchange, the resulting ammonium 
hydroxide salt 153 was subjected to elimination to produce the target 
4,7,13,16-tetrabromo[2.2]paracyclophane 107 in 9 % and 21 % yield in the presence 
of phenothiazine 78 and 2-chlorophenothiazine 135, respectively. ^H N M R 
examination of the crude reaction product indicated that this isomer was the only 
;2.2]paracyclophane product generated. The other possible dimerization product, 
/.e. the 4,7,13,15-isomer, could not be detected. Hence, the dimerization was 
controlled by the steric factor of the substituents. The compound obtained was a 
pale yellow solid and its spectroscopic data were consistent with those reported 
e a r l i e r . 16 A single crystal was obtained by recrystallization from chloroform and the 
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X-ray crystallographic result confirmed its proposed structure (see Appendix I). 
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Reagents and conditions: i. NBS, (PhCO?)?, CCI4, reflux, 3 h, 93 %. ii. NMcs, EtaO, room temperature, 
2 h, 100 %. iii. AgsO, H2O, room temperature, 2 h. iv. 78 or 135 (2.5 mol %), PhMe, reflux. 
3.2 Synthesis of 4,7,13,16-tetrabromo[2.2]paracyclophane 
In a similar manner, the corresponding dichloro-substituted ammonium 
hydroxide salt 157 was also prepared from 2,5-dichloro-/?-xylene 154 (Scheme 3.8). 
1,6-Elimination of the salt 157 furnished the tetrachloro analog 158 in 9 % and 20 % 
yield in the presence of phenothiazine 78 and 2-chlorophenothiazine 135 respectively. 
The structure of the target compound was confirmed by N M R study. Again, the 
138 RESULTS AND DISCUSSION 
dimerization was highly regio-selective. 
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Reagents and conditions: i. NBS, (PhCO:)?, CCI4, reflux, 3 h, 90 %. ii. NMcs, EtsO, room temperature, 
2 h, 100 0/0. iii. AgzO, H2O, room temperature, 2 h. iv. 78 or 135 (2.5 mol %), PhMe, reflux. , 
4. Synthesis of 4,8,12,16-tetrasubstituted [2.2]paracyclophane 
4.1 Synthesis of 4,8,12,16-tetrabromo[2.2]paracyclophane 
Multiple electrophilic aromatic substitutions on [2.2]paracyclophane are 
stepwise reactions. The positions of the next substitutions on the aromatic ring will 
be determined by the previously introduced groups. Due to the electronic inductive 
effect, the aromatic protons ortho and para to the first bromide group should be more 
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accessible towards the second bromination reaction. As a result, only 
4,7,13,16-tetrabromo[2.2]paracyclophane 107 and 4,5,12,13-tetrabromo-
2.2]paracyclophane 108 were obtained when [2.2]paracyclophane 58 was treated 
with excess bromine. In other words, the other regio-isomers, 4,8,12,16-tetra-
bromo[2.2]paracyclophane 159, could not be synthesized by this method. 
In contrast, the previously unknown 4,8,12,16-tetrabromo[2.2]paracyclophane 
159, could readily be synthesized by our method. Bromination of methyl 
4-methylbenzoate 161 in the presence of aluminium trichloride furnished methyl 
3,5-dibromo-4-methylbenzoate 162 in 65 % yield?^  Reduction of the ester 162 by 
DIBAL-H provided the corresponding benzyl alcohol 163 which was then 
transformed by CBr4 and PPhs to the desired 2,6-dibromo-4-bromomethyltoluene 
164. Followed the procedure as previously employed, 4,8,12,16-tetrabromo[2.2]-
paracyclophane 159 could be obtained as a light-yellow crystal from the ammonium 
hydroxide salt 165 in 9 % yield and 21 % yield by using inhibitors 78 and 135, 
respectively. The substitution pattern of the four bromine atoms was confirmed by 
X-ray crystallographic analysis and ^ H-NMR spectroscopy (see Appendix I). Again, 
the dimerization was controlled by the steric effect of the bromine substituents. 
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Scheme 3.9 
Reagents and conditions: i. MeOH, conc. H2SO4, reflux, 15 h, 93 %. ii. Br〕，AICI3, 3 h, 65 %. iii. 
DIBAL-H, THF, room temperature, 5 h, 92 %. iv. CBr*，PPhs, THF, 4 h, 82 %. v. NMe〕，EtaO, room 
temperature, 2 h, 99 %. vi. AgaO, H2O, room temperature, 2 h. vii. 78 or 135 (2.5 mol %), PhMe, 
reflux. 
5. Summary 
In this chapter we reported the regio-selective synthesis of substituted 
7.2]paracyclophane derivatives using the Winberg and Fawcett procedure in the 
presence of 2-chlorophenothiazine as an inhibitor. Table 3.1 summarized the 
reaction yields of the synthesized [2.2]paracyclophanes where the first and second 
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columns showing the yields with the original phenothiazine 78 and the new 
2-chlorophenothiazine 135 as the polymerization inhibitor, respectively. The yields 
reported were the average of two or more runs. Reaction yields of the 
corresponding [2.2]paracyclophanes synthesized form the direct functionalization of 
；2.2]paracyclophane 58 were also present in the third column. The yields of 
substituted [2.2]paracyclophanes synthesized form the original Winberg's procedure 
in the presence of phenothiazine 78 as polymerization inhibitor were about 10 %. 
Most importantly, the yields were more than double when 2-chlorophenothiazine 135 
was used instead of phenothiazine 78. 
Di- and tetra-bromination of [2.2]paracyclophane 58 by Cram's method^^ gave a 
mixture of regio-isomers and tedious separations involving column chromatography 
and factional crystallization were needed for isolation of the desired isomers. 
Furthermore, [2.2]paracyclophane 58 is relatively expensive (US$ 44.8 per gram 
from Aldrich) and thus this method should not be considered as an effective route to 
bromo-substituted [2.2]paracyclophanes. In contrast, only simple bromoxylenes 
were employed as starting materials in our synthetic route and pure regio-specifically 
substituted [2.2]paracyclophanes could be obtained in significantly improved yields. 
Chlorination of [2.2]paracyclophane as suggested by Cram^^ and Gorham^^ involved 
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toxic chlorine gas and difficult isolation procedures. On the contrary, pure 
regio-specific di- and tetra-chlorinated [2.2]paracyclophanes could be furnished in 
our approach starting from simple chloroxylenes. 
Table 3.1 
'Phenothiazine as polymerization inhibitor. ''2-Chlorophenothiazine as polymerization inhibitor. '^ Yield 
from direct functionalization of [2.2]paracyclophane. '^ From reference 11. 'From reference 16. ^From 
reference 16, yield not mentioned. 
Compounds Reaction yields (%) 
phenothiazine'' 2-chlorophenothiazine'' Literature'' 
[2.2]Paracyclophane 58 10 21 10� 
4,12-dibromo[2.2]paracyclophane 97 10 22 26® 
4,12-dichloro[2.2]paracyclophane 100 10 20 ICf 
4,12-dimethyl[2.2]paracyclophane 110 9 19 16® 
4,7,13,16-tetrabromo[2.2]paracyclophane 107 9 21 29^ 
4,7,13,16-tetrachloro[2.2]paracyclophane 158 9 20 / 
4,8,12,16-tetrabromo[2.2]paracyclophane 159 9 21 -
These constructive results indicating the methodology developed here is highly 
useful in preparing substituted [2.2]paracyclophane derivatives with improved yields. 
Another advantage is the simplicity of product isolation since only the specific 
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regio-isomer exists in the crude product and purification involves only simple 
crystallization. The other superiority of our methodology is that we can also 
synthesize regio-specifically substituted [2.2]paracyclophanes, such as 
4,8,12,16-tetrabromo[2.2]paracyclophane 159, that cannot be prepared from direct 
substitution of [2.2]paracyclophane 58. 
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IV. CONCLUSION  
A novel methodology for the regiospecific synthesis of halogen and alkyl 
substituted [2.2]paracyclophanes was developed. The reaction operation procedure 
was simple and the reaction yields were significantly improved with the utilization 
of 2-chlorophenothiazine 135 as a polymerization inhibitor. These attractive results 
also suggested that our methodology is facile for the regio-selective synthesis of 
multi-functionalized [2.2]paracyclophanes. Moreover, this synthetic route also 
provides accessibility to [2.2]paracyclophane derivatives that are not accessible from 
direct functionalization of [2.2]paracyclophane 58 such as 4,8,12,16-
tetrabromo[2.2]paracyclophane 159 
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V. EXPERIMENTAL  
IH-NMR (300 MHz) and ^ ^C-NMR (75 MHz) spectra were recorded on a Bruker 
Advance D P X 300 spectrometer. All N M R measurements were carried out at room 
temperature. Chemical shifts are reported as parts per million in 5 scale downfield 
from TMS. Coupling constant J are reported in hertz. Mass spectra were obtained 
on a ThermoFinnigan M A T 95 X L Mass Spectrometer. The reported molecular mass 
to charged ratio values, unless otherwise stated, were the most abundant monoisotopic 
mass. Isobutane was used in chemical ionization (CI) technique and 
3-nitrobenzylalochol was employed as the matrix in fast atom bombardment (FAB) 
ionization technique. Melting points were recorded on an Electrothermal melting 
point apparatus and were uncorrected. Elemental analysis was carried out at 
M E D A C Ltd., Brunei Science Center, Surry, United Kingdom. Crystallographic 
data were collected on a Bruker S M A R T C C D diffractometer at 294 K using 
graphite-monochromatized Mo-Ka radiation (入 二 0.71073 A). The structures were 
solved by direct phase determination using the computer program SHELX-97 on an 
IBM compatible personal computer and refined by full-matrix least squares with 
anisotropic thermal parameters for the non-hydrogen atoms. Hydrogen atoms were 
introduced in their idealized positions and included in structure factor calculations 
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with assigned isotropic temperature factors. 
Unless otherwise noted, all materials were obtained from commercial suppliers 
(Aldrich, Fluka or Acros) and used without purification. Tetrahydrofuran (THF) was 
distilled from sodium benzophenone ketyl immediately prior to use. Thin layer 
chromatography was performed on Merck precoated silica gel 60 F254 plates. Silica 
gel (230-400 mesh) was used for column chromatography. 
General procedure A. Synthesis of substituted 4-(bromomethyl)toluenes from 
substituted xylenes. A mixture of the substituted xylenes (〜10 g), 
iV-bromosuccinimide (1 eq.) and benzoyl peroxide (0.01 mg) in C C I 4 (100 ml) was 
heated to reflux. After 3 h, the reaction mixture was cooled to 0 °C and the 
precipitated succinimide was removed by filtration and washed with chloroform. 
Evaporation of the filtrate gave a thick oil. The crude product was purified by flash 
chromatography on silica gel (hexane) to afforded the bromides. 
(a) 2-Bromo-4-(bromomethyl)toluene 137a and 3-bromo-4-(bromomethyl)toluene 
137b. Starting from 2-bromo-p-xylene (13.40 g, 72 mmol), the target compounds 
137a and 137b were obtained as a colorless oil (17.01 g, 89 %), Rf 0.68 (hexane), 
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I H - N M R ( C D C I 3 ) 2.32 and 2.38 (total 3 H, s, ArCHs), 4.41 and 4.58, (total 2 H, s, 
ArCHsBr), 7.07 - 7.56 (total 3 H, m, ArH); ^ ^C-NMR ( C D C I 3 ) 20.8, 22.6, 32.1, 33.5, 
124.2, 124.8, 127.8, 128.7, 130.9, 131.0, 132.6, 133.7, 133.9, 137.0, 138.1, 140.5; M S 
(EI, miz) 264, (M+, 50 %); H R M S Calcd. for CgHgBrs： 261.8987, Found: 261.8990; 
Anal. Calcd. for CsHgBrs： C, 36.40; H, 3.05. Found: C, 36.16; H, 2.97. 
(b) 2-Chloro-4-(bromomethyl)toluene 141a and 3-chloro-4-(bromomethyl)toluene 
141b. Starting from 2-chloro-p-xylene (6.74 g, 48 mmol), the target compounds 141a 
and 141b were obtained as colorless oil (9.15 g, 87 %), Rf 0.60 (hexane), ^H-NMR 
( C D C I 3 ) 2.31 and 2.35 (total 3 H, s, ArCHs), 4.40 and 4.56 (total 2 H, s, ArCHs), 
7.02 - 7.36 (total 3 H, m，ArH ); ^ ^C-NMR ( C D C I 3 ) 19.8, 20.9, 30.6, 32.2, 127.2, 
128.0, 129.5, 130.4, 130.9, 131.2, 132.2, 133.9, 134.4, 136.3, 136.9, 140.4; M S (EI, 
m/z) 218 (M+，35 %); H R M S Calcd. for CgHgBrCl: 217.9493, Found: 217.9489; Anal. 
Calcd. for CgHgBrCl: C, 43.77; H，3.67. Found: C, 43.59; H, 3.80. 
(c) 2,5-Dibromo-4-(bromomethyl)toluene 151. Starting from 2,5-dibromo-/7-xylene 
(25.62 g, 97 mmol), the target compound 151 was obtained as a white solid (30.95 g, 
93 %), m.p.: 72 - 73 Rf 0.55 (hexane), ^ H-NMR ( C D C I 3 ) 2.36 (3 H, s, ArCHg), 
4.51 (2 H, s, ArCEbBr), 7.44 (1 H, s, ArH), 7.60 (1 H, s, ArH); ^ ^C-NMR ( C D C I 3 ) 
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22.4’ 32.2, 122.8, 123.8，134.3, 134.9, 136.0’ 140.3; M S (EI, miz) 342 (M+, 15 %); 
H R M S Calcd. for CgHvBrs： 339.8092, Found: 339.8085; Anal. Calcd. for CgHvBrs： C, 
28.03; H, 2.06. Found: C, 27.97; H, 2.12. 
(d) 2,5-Dichloro-4-(bromomethyl)toluene 155. Starting from 2,5-dichloro-p-xylene 
(18.13 g, 104 mmol), the target compounds was obtained as a colorless oil (23.67 g, 
90 %), 7^ /0.65 (hexane), ^ H-NMR ( C D C I 3 ) 2.34 (3 H, s, ArCHs), 4.51 (2 H, s, ArCH2), 
7.26 (1 H, s, ArH), 7.41 (1 H, s, ArH); ^ ^C-NMR ( C D C I 3 ) 19.7, 29.5, 131.2, 131.9， 
132.9, 134.2, 138.3; M S (EI, mIz) 252 (M+, 30 %); H R M S Calcd. for CsHvBrCb： 
251.9103, Found: 251.9109; Anal. Calcd. for CgHvBrCls： C, 37.84; H, 2.78. Found: C, 
37.78; H, 2.91. 
3-(Hydroxymethyl)-6-methyltoluene 146. Lithium aluminum hydride (4.00 g, 108 
mmol) was added to a stirred solution of methyl 3,4-dimethylbenzoate (7.22 g, 44 
mmol) in T H F at 0 The reaction mixture was allowed to stir under nitrogen at 
room temperature for 2 h. The reaction was monitored by thin layer chromatography 
until all the starting material was consumed. The excess hydride was destroyed with 
ethyl acetate. The product was extracted with ethyl acetate (50 ml x 3), dried 
(MgSCU) and filtered. After removal of the solvent on a rotary evaporator, the target 
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product 146 was obtained as a colorless oil (5.51 g, 92 %), m.p.:58-59 Rf 0.30 
(hexane/ethyl acetate = 5/1), ^ H-NMR ( C D C I 3 ) 1.68 (1 H, br s, OH), 2.25 (3 H, s, 
CH3), 2.26 (3 H, s, CH3), 4.60 (2 H, s, CH2), 7.07 - 7.13 (3 H, m, ArH); ^^C-NMR 
( C D C I 3 ) 19.4, 19.7, 65.2, 124.5, 128.5, 129.7, 136.0, 136.7, 138.3; M S (CI, miz) 136 
(M+, 20 %); H R M S Calcd. for C 9 H 1 2 O : 136.0883, Found: 136.0883; Anal. Calcd. for 
C 9 H 1 2 O : C, 79.37; H, 8 . 8 8 . Found: C, 79.09; H, 8.95. 
2,6-Dibromo-4-(hydroxymethyl)toluene 163. DIBAL-H in hexane solution (202 
ml, 1.0 M in hexane, 68 mmol) was added to a solution of methyl 
3,5-dibromo-4-methylbenzonate 162^^ (6.77 g, 22 mmol) in THF (150 ml) at 0。C. 
The reaction mixture was allowed to stir under nitrogen at room temperature for 5 h. 
The reaction was monitored by thin layer chromatography until all the starting 
material was consumed. The DIBAL-H was destroyed with ethyl acetate. The 
product was extracted with ethyl acetate (150 ml x 3), dried (MgSCU) and filtered. 
After removal of the solvent on a rotary evaporator, the target product 163 was 
obtained as a white solid (5.66 g, 92 %), m.p.: 81 - 83。C, Rf 0.25 (hexane/ethyl 
acetate = 5/1), ^ H-NMR ( C D C I 3 ) 1.87 (br s, 1 H, OH), 2.55 (s, 3 H, ArCHg), 4.62 (s, 2 
H, ArCHsOH), 7.51 (s, 2 H, ArH); ^ ^C-NMR ( C D C I 3 ) 23.4, 63.5, 125.3, 130.0, 136.4, 
141.2; M S (EI, m/z) 278 (M+, 45 %); H R M S Calcd. for CgHgBrzO: 277.8936, Found: 
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277.8932; Anal. Calcd. for CsHgBraO: C, 34.32; H, 2.88. Found: C, 34.18; H, 2.95. 
General procedure B. Synthesis of substituted 4-methylbenzyl bromides from 
substituted 4-methylbenzyl alcohols. A mixture of the substituted 4-methylbenzyl 
alcohol (30 mmol), carbon tetrabromide (14.92 g, 45 mmol) and triphenylphosphine 
(11.80 g, 45 mmol) was stirred under nitrogen in T H F at room temperature for 4 hours. 
The reaction mixture was filtered through celite and the filtrate was concentrated on a 
rotary evaporator. The crude product was purified by flash chromatography on silica 
gel (hexane) to give the bromides. 
(a) 3-(Bromomethy 1)-6"methyItoluene 147. Starting from 3-(Hydroxymethy 1)-6-
methyltoluene 146 (8.16 g, 60 mmol), the target compound 147 was obtained as a 
white solid (9.54 g, 80 %), m.p.: 43 一 45。C, Rf 0.75 (hexane), ^ H-NMR ( C D C I 3 ) 2.25 
( 6 H, s, ArCHs), 4.47 (2 H, s, ArCEbBr), 7.11-7.17 (3 H, m, ArH); ^ ^C-NMR ( C D C I 3 ) 
19.5, 19.7, 126.4, 130.0, 130.3, 135.2, 137.1; M S (CI, m/z) 200 (M+, 20 %); H R M S 
Calcd. for CgHnBr: 198.0039, Found: 198.0039; Anal. Calcd. for C g H n B r : C, 54.30; 
H, 5.57. Found: C, 54.11; H, 5.61. 
(b) 2,6-Dibromo-4-(bromomethyl)toluene 164. Starting from 2,6-dibromo-4-
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(hydroxymethyl)toluene 163 (4.56 g, 16 mmol), the target compound was obtained as 
a white solid (4.58 g, 82 %), m.p.: 99 - 100 RfO.15 (hexane), ^ H-NMR ( C D C I 3 ) 
2.54 (3 H, s, ArCHs), 4.33 (2 H, s, ArCHzBr), 7.52 (2 H, s, ArH); ^ ^C-NMR ( C D C I 3 ) 
23.5, 30.7, 125.2, 132.1, 137.9; M S (EI, m/z) 342 (M+，20 %); H R M S Calcd. for 
CgHvBrs： 339.8092, Found: 339.8090; Anal. Calcd. for CgHvBrs： C, 28.03; H, 2.06. 
Found: C, 27.88; H, 2.33. 、 
General procedure C. Synthesis of substituted /;-methylbenzyltrimethyl 
ammonium bromides. In a 250 m L three-necked flask equipped with a stirrer, a 
gas outlet connected to an acid trap, and a gas inlet tube directed to about 1 cm above 
the surface of the liquid was placed a solution of the substituted benzyl bromide (10 g) 
in dry ether (100 mL). The flask was cooled in an ice-water bath with stirring. 
Trimethylamine was generated by heating an aqueous solution of trimethylamine (45 
% w/w, 50 mL) and passed into the inlet tube for 2 hours. The product began to 
precipitate as a white solid. The resulting mixture was then allowed to stand 
overnight at room temperature and the ammonium salt was collected on a Biichner 
funnel and dried under reduced pressure. 
(a) (2-Bromo-4-methylbenzyl)trimethyl ammonium bromides 138a and 
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(3-bromo-4-methylbenzyl)trimethyl ammonium bromides 138b. Starting from the 
mixture of 2-bromo-4-(bromomethyl)toluene 137a and 3-bromo-4-(bromomethyl)-
toluene 137b (5.12 g, 19 mmol), the target compounds 138 were obtained as a white 
solid (6.26 g, 100 %), m.p. was not determined as it is highly hygroscopic, ^H-NMR 
(D2O) 2.33 (3H, s, ArCHs), 3.10 and 3.16 (total 9H, s, N(CH3)3)，4.46 and 4.62 (total 
2H, s, ArCHs), 7.30 - 7.72 (total 3H, m, ArH); ^ ^C-NMR (D2O) 21.4, 23.3, 53.3, 53.8, 
68.4, 68.6, 124.9, 125.6, 127.5，127.7, 130.0, 132.3, 132.8, 135.0, 135.8, 136.7，141.3, 
144.3; M S (FAB, m/z) 242 ([M - Br]+, 100 %); H R M S Calcd. for CnHnNBr: 
242.0539, Found: 242.0540. 
(b) (2-Chloro-4-methylbenzyl)trimethyl ammonium bromides 142a and 
(3-chloro-4-methylbenzyl)trimethyl ammonium bromides 142b. Starting from the 
mixture of 2-chloro-4-(bromomethyl)toluene 141a and 3-chloro-4-(bromomethyl)-
toluene 141b (7.56 g, 34 mmol), the target compounds 142 were obtained as a white 
solid (9.58 g, 100 %), m.p.: > 210 (decomposed), ^ H-NMR (D2O) 2.29 and 2.31 
(total 3H, s，ArCHs), 3.11 and 3.15 (total 9H, s, N(CH3)3), 4.47 and 4.59 (total 2H, s, 
ArCH2), 7.30 — 7.53 (3H, m, ArH); ^ ^C-NMR (D2O) 20.1, 21.2, 53.2, 53.5, 66.2, 68.9, 
122.9, 127.2, 129.2, 131.6, 132.0, 132.4, 133.4, 135.0, 135.6，136.6, 139.7, 144.4; M S 
(FAB, m/z) 198 ([M - Br]+, 100 %); H R M S Calcd. for CnHnNCl: 198.1044, Found: 
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198.1044. 
(c) (3,4-Dimethylbenzyl)trimethyl ammonium bromides 148. Starting from 
2-methyl-4-(bromomethyl)toluene 147 (7.56 g, 38 mmol), the target compounds 148 
was obtained as a white solid (9.70 g, 99 %), m.p. was not determined as it is highly 
hygroscopic, ^ H-NMR (D2O) 2.28 (6H，s, ArCHs), 3.06 (9H, s, N(CH3)3), 4.39 (2H, s, 
ArCHb), 7.26 to 7.31 (3H, m, ArH); ^ ^C-NMR (D2O) 19.5, 52.9, 70.0, 125.4, 130.8, 
130.8, 134.3, 138.6, 140.7; M S (FAB, m/z) 178 ([M-BrT, 100 %); H R M S Calcd. for 
C12H20N: 178.1590, Found: 178.1595. 
(d) (2,5-Dibromo-4-methylbenzyl)trimethyl ammonium bromides 152. Starting 
from 2,5-dibromo-4-bromomethyltoluene 151 (7.01 g, 20 mmol), the target 
compound 152 was obtained as a white solid (8.22 g, 100 %), m.p.: > 230 °C 
(decomposed), ^ H-NMR (D2O) 2.37 (3H, s, ArCHg), 3.18 (9H, s, N(CH3)3), 4.63 (2H, 
s, ArCHs), 7.68 (IH, s，ArH), 7.81 (IH, s, ArH); ^ ^C-NMR (D2O) 22.7, 53.6, 67.8, 
124.5, 126.3, 126.9, 136.3, 138.3, 144.0; M S (FAB, m/z) 320 ([M - Br]+, 80 %); 
H R M S Calcd. for CnHieNBrs： 319.9644, Found: 319.9636. 
(e) (2,5-Dichloro-4-methylbenzyl)trimethyl ammonium bromides 156. Starting 
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from 2,5-dichloro-4-(bromomethyl)toluene 155 (5.35 g, 21 mmol) the target 
compounds 156 was obtained as a white solid (6.59 g, 100 %), m.p. was not 
determined as it is highly hygroscopic, ^ H-NMR (D2O) 2.32 (3H, s, ArCHs), 3.18 (9H, 
s, N ( C H 3 ) 3 ) , 4.62 ( 2 H , s, ArCIfc), 7.45 (IH, s, ArH), 7.63 (IH, s, ArH); ^^C-NMR 
(D2O) 19.9, 53.6, 65.7, 124.8, 133.2, 133.7, 135.0, 135.2, 142.1; M S (FAB, m/z) 232 
([M-Br]+, 100 %); H R M S Calcd. for C11H16NCI2： 232.0654, Found: 232.0661. 
(f) (3,5-Dibromo-4-methylbenzyl)trimethyl ammonium bromides 165. Starting 
from 2,6-dibromo-4-bromomethyltoluene 109 (10.52 g, 31 mmol), the target 
compound 165 was obtained as a white solid (12.34 g, 99 %), m.p.: > 230 
(decomposed), ^ H-NMR (D2O) 2.52 (3H, s, ArCHs), 3.10 (9H, s, N(CH3)3), 4.44 (2H, 
s, ArCH2)，7.74 (2H, s, ArH); ^ ^C-NMR (D2O) 22.7, 53.6, 67.8, 124.5, 126.3, 126.9, 
136.3, 138.3, 144.0; M S (FAB, m/z) 320 ([M — Br]., 70 %); H R M S Calcd. for 
CiiHi6NBr2： 320.9644，Found: 319.9652. 
General procedure D. Synthesis of substituted [2.2]paracyclophanes. Silver® 
oxide (23 g, 0.1 mol) was added to a solution of the substituted ammonium bromides 
salt (24.4 g, 0.1 mol) in water (75 mL) and the mixture was stirred at room 
temperature for 1.5 h. The mixture was filtered and the solid was washed with water 
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(40 mL). The combined aqueous layers were collected and then placed in a 500-mL 
three-necked round-bottom flask equipped with a stirrer and a Dean-Stark water 
separator attached to a reflux condenser. Toluene (300 mL) and phenothiazine (0.5 g, 
2.5 mmol) or 2-chlorophenothiazine (0.59 g, 2.5 mmol) was then added to the 
solution and the mixture was heated under reflux for 3 h. When all the water had 
been removed, trimethylamine began to evolve and a pale yellow (p-xylene polymers) 
solid began to form. Heating and stirring were continued for 1.5 h, after which time 
the evolution of trimethylamine had virtually ceased. The mixture was cooled and 
the solid was filtered was with toluene (10 m L x 3). The filtrates were combined 
and concentrated under reduced pressure to give the target compound as a solid which 
was washed with acetone (10 m L x 3). Analytically pure samples were obtained 
from recrystallization from organic solvents. 
(a) [2.2]Paracyclophane Starting from (4-methylbenzyl)trimethyl ammonium 
bromideii (20.10 g, 82.2 mmol), the product was obtained as a white solid (0.86 g, 10 
% or 1.89 g, 21 % with phenothiazine and 2-chlorophenothiazine respectively), m.p,: 
284-286 (sublimed) [Lit.^ ^ 284。C (sublimed)], ^ H-NMR ( C D C I 3 ) 3.09 ( 8 H, s, 
C H 2 ) , 6.49 ( 8 H, s, ArH); ^ ^C-NMR ( C D C I 3 ) 35.6, 133.0, 139.6; M S (EI, m/z) 208 
(M+, 87 %). 
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(b) 4,12-Dibromo[2.2]paracyclophane 97，Starting from a mixture of 
(2-bromo-4-methylbenzyl)trimethyl ammonium bromides 138a and (3-bromo-4-
methylbenzyl)trimethyl ammonium bromides 138b (12.35 g, 38 mmol), the product 
97 was obtained as a white solid (1.40 g, 10 % or 3.08 g, 22 % with phenothiazine and 
2-chlorophenothiazine respectively), m.p.: 245 - 246 (sublimed) (Lit, 248 - 250 
。C)，^H-NMR (CDCI3) 2.88 — 2.95 (4 H, m, CH2), 3.11 - 3.19 (2 H, m, CH2), 3.45 -
3.53 (2 H, m, CH2), 6.44 (2 H, d，/= 6, ArH), 6.51 (2 H, d ， 3 , ArH), 7.14 (2 H, dd, 
7 = 6 and 3 ); ^^C-NMR (CDCI3) 32.8, 35.4, 126.7, 128.3，134.1, 137.3, 138.5, 141.2; 
M S (EI, m/z) 366 [M+, 25 %]; H R M S Calcd. for Ci6Hi4Br2： 363.9457, Found: 
363.9454. 
(c) 4,12-Dichloro[2.2]paracyclophane lOO/^ Starting from a mixture of 
(2-chloro-4-methylbenzyl)trimethyl ammonium bromides 142a and (3-chloro-4-
methylbenzyl)trimethyl ammonium bromides 142b (5.35 g, 19.2 mmol), the product 
100 was obtained as a white solid (0.53 g, 10 % or 1.06 g, 20 % with phenothiazine 
and 2-chlorophenothiazine respectively), m.p.: 212 - 213 °C (sublimed) (Lit.^ ^ 212 -
214。C)，IH-NMR (CDCI3) 2.76 — 2.81 (2 H, m, CH2), 2.91 - 2.99 (2 H, m, CH2), 
3.08 — 3.18 (2 H, m, CH2), 3.47 — 3.55 (2 H, m, CH2), 6.27 (2 H, d, / = 3, ArH), 6.43 
(2 H, dd, 7 = 3 and 6，ArH), 7.02, (2 H, dd, / = 3 and 6, ArH); ^ ^C-NMR (CDCI3) 32.9, 
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33.2, 127.6，134.2, 134.7, 135.3, 136.7，141.1; M S (EI, mIz) 276 [M+’ 45 %]; H R M S 
Calcd. for C16H14CI2： 276.0467, Found: 276.0467. 
(d) 4,12-Dimethyl[2.2]paracyclophane 110.^ ^ Starting from (3,4-dimethylbenzyl)-
trimethyl ammonium bromides 148 (9.77 g, 37.8 mmol), the product 110 was 
obtained as a white solid (0.80 g, 9 % or 1.70 g, 19 % with phenothiazine and 
2-chlorophenothiazine respectively), m.p.: 182 - 184 (Lit.^ ^ 182 - 183 
IH-NMR (CDCI3) 2.12 (6 H, 2, CH3), 2.72 - 2.79 (2 H, m, CH2), 2.95 - 3.00 (4 H，m, 
CH2), 3.23 一 3.27 (2 H, m, CH2), 6.08 (2 H, s, ArH), 6.27 (2 H, d，/ = 6，ArH), 6.68 
(2 H, d, 7 = 6 , ArH); ^ ^C-NMR ( C D C I 3 ) 20.4，32.9, 33.2, 125.5, 133.0, 135.3, 137.0, 
137.9, 139.1; M S (EI, mIz) 236 [M+, 90 %]; H R M S Calcd. for CigHzo： 236.1560, 
Found: 236.155837. 
01 
(e) 4,7,13,16-Tetrabromo[2.2]paracyclophane 107. Starting from (2,5-dibromo-4-
methylbenzyl)trimethyl ammonium bromides 152 (12.36 g, 30.7 mmol) and the 
product 107 was obtained as a white solid (1.45 g, 9 % or 3.38 g, 21 % with 
phenothiazine and 2-chlorophenothiazine respectively), m.p.: > 280 (decomposed) 
(Lit.2i > 280。C), ^ H-NMR ( C D C I 3 ) 2.86 - 2.91 (4 H, m, CH2)，3.11 — 3.15 (4 H, m, 
C H 2 ) , 7.10 (4 H, s, ArH); ^ ^C-NMR ( C D C I 3 ) 32.6, 125.2, 134.3, 140.2; M S (EI, mIz) 
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524 [M+, 20 %]; H R M S Calcd. for Ci6Hi4Br4： 523.7628, Found: 523.7634. 
(f) 4,7,13,16-Tetrachloro[2.2]paracyclophane 158/6 starting (2,5-dichloro-4-
methylbenzyl)trimethyl ammonium bromides 156 (8.45 g, 27.0 mmol) and the 
product 158 was obtained as a white solid (0.84 g, 9 % or 1.87 g, 20 % with 
phenothiazine and 2-chlorophenothiazine respectively), m.p.: > 280。C (decomposed), 
iH-NMR (CDCI3) 2.84 — 2.94 (4 H, m，CH2), 3.22 - 3.33 (4 H, m, CH2), 6.95 (4 H, s, 
ArH); 13C-NMR (CDCI3) 30.9, 131.9, 134.0, 138.6; M S (EI, m/z) 345 [M+’ 18 %]； 
H R M S Calcd. for CuUuCU： 343.9688, Found: 343.9697. Anal. Calcd. for C16H14CI4： 
C, 55.53; H , 3 .49. F o u n d : C, 55.29; H , 3.66. 
(g) 4,8,12,16-Tetrabromo[2.2]paracyclophane 159. Starting from (3,5-dibromo-4-
methylbenzyl)trimethyl ammonium bromides 165 (15.38 g, 38.3 mmol) and the 
product 159 was obtained as a white solid (1.80 g, 9 % or 4.21 g, 21 % with 
phenothiazine and 2-chlorophenothiazine respectively), m.p.: > 280。C (decomposed), 
Ir-NMR (CDCI3) 2.93 - 2.98 (4 H, m，CH2), 3.40 - 3.45 (4 H, m, CH2), 7.17 (4 H, s, 
ArH); 13C-NMR (CDCI3) 30.97，34.8, 127.2, 132.7, 137.5, 141.7; M S (EI, mIz) 524 
[M+, 20 %]; H R M S theoretical for Ci6Hi4Br4： 523.7628, Found: 523.7634.; Anal. 
Calcd. for Ci6Hi4Br4： C, 36.68; H, 2.31. Found: C, 36.59; H, 2.37. 
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Table 1. Crystal data and structure refinement for P. 
• • ’ •• •• . ..... •.:. • ' • ： ‘ . . 
• • ； ‘ •• .. . . . : - ‘ ‘ • : : . . . . . . . . . 
. .... .• ... • • ‘ • •..:..‘. . . •. , • . , . . . . • ： . —— , . 
Identification code khl3 
• • . .. • ••. • ： •  , . • • • ... •  • •. ：. 
• • ： . •• • • • - - . • • . -• . . . _. . ‘ 
Empirical formula C H Br . 
16 14 2 . 
- •. • - . . . . . . . 
Formula weight . 3 66.09 .:,•-•:.、.. - • •  .... :.… ..：： , . ,. • • ^ 
Temperature 293(2) K 
‘ - ‘ ‘ . . ‘ ‘ • • 
. \ , . . . ... . . ‘ ‘ • . . . . ‘ 
Wavelength 0.71073 A 
• . .. . . . . . . . . . • . . . . : . . . . � . , . . -
Crystal system MONCLINIC 
. . ' • • • • • . 
- • • ' • • • • •. -
Space group P2 /c 
. . . . 1 • • • • - • . •. . - . . 
Unit cell dimensions a = 7 .7914 (14) , A alpha = 90° 
b = 1.7179 (14) A beta = 100.274 (4)° . . .• . . . . . . • 
. . • 
c = 11.149(2) A gamma = 9 0。 
..,...•.'... . . • ‘ .. . . . .... . 
1 Volume, Z : . 65 9 .7 (2) A , 2 . 
3 • 
Density (calculated) 1.843 Mg/m 
-
•• - • • -
一 1 
Absorption "coefficient 6.122 mm 
. . ； • -• 
. ； . . ' . . : . . . . , . 、 . . . ， . . - -
F (000) . . . . 360 
• . . .� . -
• • 
.1 
Crystal size 1.57 x 1.429 x 1.18 mm ； 
. . . . . . . '• • ： . . . . • . . . . . . . ... . - •. ••.••  • . . . • .... • . . 、 .. - _• ._ • 
• o . .. 
e range for data collection 2.66 to 28.08 .. • . • ： . • • . . • • ‘ • . • .  . • . •  . : . • • ... ..... .... 
Limiting indices ： -10 < h： < .8, -10 s k ^ 10,: -14 < I < 14 
• ‘ - •' . 
‘ . • . . . • • . . . . . . . . -• • • .•‘ . • ： • • ； " • • • • • • • • . 
. • • “ . . . . . . . . . . . . . • . • . . . - . . . . . • . - . . — — . • • 
Reflections collected 4262 
. . . • . • • • • • . •. . •. • - • • • ‘ • • • •. 
： , • . •• j . . . . . . . . ： ： . . . . ... . 
Independent reflections 1590 (R. = 0.0700) 
int 
. . . . 
Completeness to 6 = 23.08。 99.0% 
......…： •  V •. 
Absorption correction . . SADABS .. 
Max. and min. transmission 1.000 and 0.15603 6 
. ‘ . . ‘ . - •. . 
... 2 
Refinement method , Full-matrix, least-squares on F 
.• • .. ——.：..••..../.•.. • .— . • - • • " • .... . • . • • .. . . . • . • ‘ . . . • ‘  • • • , 
Data / restraints / parameters 15 9 0 / 0 / 8 2 
- • . . • . • ‘ ‘ - • • • 
. .. . • .. ： 、 . . • . . • . . . . _ 
2 
Goodness-of-fit on F 1.089 
, - . . • . • • • • • ‘ . - . . . . . . . . 
. • . . . • 
. • • • - . • • • • • • • • 
Final R indices .[工〉2 cj (工）] R1 = 0.0638, wR2 = 0.1711 
R indices (all data) Rl, = 0.0753 , wR2 = 0.1805 
.-3 
Largest diff. peak and hole 1.484 and -0.97 0 eA 
. . . . . -
. • • , ‘ ‘ ” . . . . . . . . . ‘ • . . . . • 
. • . ‘ . ‘ • ‘ ‘ • , • , . . . 
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d 
Table 2 . Atomic coordinates [ x 10 "] and equivalent isotropic 
。2 . 3 
displacement parameters [A x 10 ] for P. U (eq) is .defined as 
...‘ ..... ...• . ‘ j ： .‘ ".:..： ..... jj . :: .:.、. 
one third of the trace of. the orthogonalized U tensor 
• .•.. . 
• . . . . . . . . . . • ... • . • . • 
+ . . . + • : , . . . . . . . . . ； ； • . .• .. “ . " • . ' . - . ' ' • ' . . . • • ‘ 
. • . . . • . • - • • • • • • • 
. . . • • . . • 
• ‘ • ‘ • . • • - . . . . . . . • . • .. • 
• • • • . • • • . . • + . . .. • . . ； . . - , • • 
• ‘ . . • .. . . . . . ••‘ 
• • ‘ • . •- “ 
X: y . .. Z ：广.U(ea) 
‘ ；• • • • * -
. - “ • 
Br(l) ： 8375 (1) 3202 (1) 5703 (1) ：； 45(1) 
C(l). 6179(6) 2168 (5) 5787 (3) 24(1) 
C(2) 47 86 (6). 2630 (5) 4903 (3) • 24(1). 
.C{3) 3183(7) 1811(4) 4842(4). 27(1) 
C(4) 2951 (7) 800 (5) 5843 (4) 31 (1) 
C(5) 4398(7)、 335(5) &701(3) 32(1) 
C (6) 6072 (6) '849 (5), 6620 (3) ...28(1) 
C(7) . 7605(8) . . -236(6) . 7210 (4) 43 (1) 
C(8) 192 3 (7) 1691 (5) .3645(5) . ： 26 (1) 
• • • • ‘ ‘ - . . ‘ , . . • . • 
“！ ‘ • . . . • ‘ • . - . • • • —— .， .... •——...... 
. . . . “ . . - . . . - . . . . . . . “ • • 
.•： ‘ . . . . . 
- • . . • . . . • • ‘ ‘ . . • 
. • • • • . ‘ • • ‘ . ‘ 
• . . • . • • • • . . • . • • 
. . • . . . ‘ . . . . • . 
•• . • • . - • • + - - . . . . . • � . • . ’ • : . . . . . . . . . . . -.+ ... r •- •V ....-、.- . . . . • •• • • . . . . . . . . • 
• . . - . . . . . . . . •-.-.: _ . • . - , . ... , 
. . . . - • - • 
.. •. • • • • . . - • + . . , . ' — — . - . - . • . . . . . . . . . . . 
. . . . . . . . • . . . 
L . . - ： ••.. 
. . • ‘ • • . . • . . • . • • . • • • . 
Table 3 . . Bond lengths [A] and angles [ ] for P. 
. - . . . .• • . . ： • . • .. - . ,. • _ ••  . - • ... • - • , .' ....... . . • . .'. •••••••• 
• ’ . （ . . . . . . ： . ’ - - . • . . . . . . . ‘ • -V •. . . • ； . • • • • . . . • ； • • . . . • 
. . . ——. - . . . . - ... , . . . : : : : . . . : . • . • . • . 
• . . . . -• • • . . : . . 
• . . - .‘ • . . . . - • • . . • . ‘. • . . . ： . . • • • • ‘ • 
Br (1) -C(l) . ： 1.905 (4) •‘ C (1) -C (2) 1.376(6) 
‘C (l) -C(6 y ： . . . 1.391(5) , C(2) -C(3) " : . :1.3.S 1 (7). 
C(3) -C(4) , 1-396.(6〉: ,.. .. C(3) -C(8)- 1.512 (7) 
： C(4) -C(5)： : 1.384 (7) .. :. . :.C (5) -C (6) ；'. •：•••：；：：..' 1.381,(7)' 
C(6) -C(7) 1.510(7) . : C(7)-C(8)#l . V:. .“-:: 1.558 (7)' 
CC8) -C(7)#l : 1.558 (7)' 
• • ••‘ , . • • “ • • • ‘ , 
. . . 
C(2) -C(l):-C(6) 122-3(4) C (2 ), - C (1) -Br (1) 117.2(3) 
C(6)-C(l)-Br(1) 120.1(3) C(l)-C(2)-C(3) ” 12 0.3(4) 
C(2) -C(3) -C(4) 116.9 (4) . C(2) -C (3) -C(8) 120.4(4) 
C(4) -C(3) -C(8) 121.2 (4) C(5) -C (4) -C(3) : 119.8(5) 
C(6)-C(5)-C(4) 122.5(4) . . C(5)-C(6)-C(l) _ 115.1(4) 
C(5) -C(6) -C(7) 119.7(4) C (1) -C(6) -C(7) 124 . 0 (4) 
C(6) -C (7) - C ( 8 ) 1 1 2 . 8 ( 4 ) C ( 3) -C ( 8) -C(7)#1 .. 113 .4 (4) 
• • . •‘ . ; ' . . . . . . . •- • -
Symmetry transformations used to generate equivalent atoms:. 
. • . - - . . - • . • • ' . - . . . 
• • • . . . . . 
#1 -y, -z + 1 
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Table 4. Anisotropic displacement parameters [A x 10 ] for P. 
. . . . . . . . . . . . . : . . 
The anisotropic displacement factor exponent takes the form：. 
2 • 2 * * . 
-2-Tr [ (ha ) U^  ^  + ... + 2hka b U ] 
、 •. • • • • - • . • • • ： • . ： - • • . . . . . . . . .. .- ‘ • . . . . . ‘ . . . . . 
. • • • . - . • • 
• , ： “ • • • - • • . . . 
. 磁 .:...:...:U22 : : U33 ： . . . U23.：.:.…:TJ13.: ： . .U12 
. - . . . . . ‘ . • • ‘ . . ‘ . 
.... - . . . . . . . . 
Br(l) 35 (1) 37 (1) • , 61(1) -4(1) 5(1) -10(1) 
C(l) 30 (2) 18 (2) . 25 (2) -7 (1) 6 (2) -4 (2) 
C(2) . 33(2) 14(2) 25 (2) 2 (1) 9(2) 6(2) 
C(3) 3 4 ( 2 ) .19(2) 31(2)- -4(1) 7 ( 2 ) . 7(2) 
C⑷ 41(2) 22(2) 37(2) -7(2) 24(2) -1(2) 
C(5) 58(3) 22(2) 22 (2) -4(1)— 19(2) -2(2) 
4 4 ( 3 ) 21(2) . ： 1 8 ( 2 ) -6(1) 1(2) 0 ( 2 ) 
C(7) 63 (4) 3 0 (2) 3 0(2) 0(2) -10 (2) 3(2) 
C(8) . 28(2) ‘36(2) , 43(2) 1(2) 1 (2) 5(2) 
. • • • • . . . . . . . • • ‘ - - - • 
. . . . . - • . 
, . • . . - : . . . . • • . . • . • • • • . 
- . . . . . . . . . . . — — . • . • 
. . . . . : • + - . . . • •. 
. . . . . . . ... . . : 
. . : . . 
- . - . 
• • . • • + . . . . . . ‘ . . . . . • • • 
• • • 
： • • • 
• ^ . . . . . • • . . . . . . . . . -• • . . . . • • _ , . • ； 
• - • • • ： - • . . . . • • . - - . . . - . . . . . . . . . • • 
. . . . . . . . . - . •‘ . . , . . “ -- • + • _ . . • . • , . .. . . . . . 
. - - . , 
• - , • •d . . . 
.. Table . 5 .. ‘ Hydrogen coordinates ( x 10 ') and isotropic 
.. • displacement parameters (A x 10~'). for P.‘ 
• • • . .. ‘ ， . . . •‘. :...:.:..:.」. • .. . •‘ ： ： .. . .j •. 
. ' . . . . . , . : . . . . - - . . . . . , . . . - . • . - • ' - . . . . . . . . . . . . . . - • • 
. . . . . . . . . . . . . . . . . • - . • • . • . . . . . . • 
. . . . . . , . . • … . . . ，：......： 
.... . . . . . . . . • . . • - . • . . . . . . . . . 
. . . . . . . . . • • • • •• - ‘ /• • 
- . ：’ ：. . •• •. • .. . • :. •  - . •:... . . . . 
- • . . . . . . . . . . . . • .....X .. .. . ... . . y , . .. . ： Z , U(eq) j “ • -
..... .“ - “ • • - 」 • • • ： ： • 
. . . . . . , ‘ 
. • . . . • . . . . . . . . . . -. 
• + . . . . . . . . .. . . . . . 
- H(2A) 4917 . 3 4 94 4345 2 8 
.H(4A) 1852 441 593 2 3 7 
. ： H (5A) ： . . .. 4230 . .. . -349 . 7357 . . .39 . 
H (7A) .7336 -761 7945 52 
H (7B) 8610 . 510 ： 一： 7445 .52 
H(8A) • 1903 2795 322S 43 
,H(8B) 7 61 1478, 3810 43 
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Table 1. Crystal data and structure refinement for P. 
. . . : ： • • •‘ • .； •‘. . 
“ ‘ ‘ . 
. . . . . . • j • . , • -
•.Identification code khl5 
• . • - -. - • ‘ • . • . - - . . • .• -• ‘ . • • . . • • ；. 
Empirical formula C H CI 
. ； 1 6 1 4 2 
• . . . . . 
Formula weight . 277.17 . 
.- • ‘ ， •• . . . • • • • 
• ‘ • • • 
. . • . . . . . . . . . . . . . . . • . • • • . 
Temperature 293.(2) K 
. - • . • . • • • ‘ . ' - + . . . . 
. . . . . . . . , • 
• • • . -
Wavelength • 0.7107 3 A 
‘ ‘ • 
Crystal system _ MONOCL工NIC 
-,. ； -..... • . j 
• • • • • -
Space group P2 /c 
. : • 
Unit cell dimensions a = 8 .0882 (16) A alpha = 9 0。 . 
• o 
±) .= 7 .7480 (15) A beta = 104 .17 (3) 
,- o 
c = 10.906 (2) A gamma = 90 
• . ：. • •• . . - . • • 
• . • . • • . . • , • . . . • ‘ - ； , 
Volume, Z. 6 6 2 . 7 (2) A^ , 2 
. • - . . . . . . . . . . . . . . . . . • ‘ • . . . . . . . • . ‘ . 
3 
Density (calculated) 1-383 Mg/m 
...... . . . j ... 
—1 
Absorption coefficient 0.467 mm 
• • ' •' • • 
F (000) 2 88 , 
Crystal' size . 0.40 x 0-3。x 0.20 mm 
- . • . . . . . . . . . • ； . . . • . . . . . . . . . . . . . . ... 
• ‘ � ‘ � 
• • 、 ， ， • • • • • . - . … 
o 
. e range for data collection .3.70 .to 25-56 '. 
• ‘ . . — — . . ： 
- . . . . . . . . , . . . . 
Limiting indices . . 0 < h < 9/ -9 ^ k < 9, -13 < I s. 12 \ / : 
• . . . . 
. . . . . . • • • •• . . . •• . . . . . . . • . . - . . . . . . • _ • • •• • ... 
Reflections collected 2032 
. • . • . . . • . • . . • ： • . • • . . . - . ’ . • . . • . . . . . • . ‘ . ‘ . ‘ ‘ • • •• • • •- . 
. , - . . . • • ‘ • • . . . . . . , . . . . . . • , . . . . . . • • ‘ . . • 
Independent reflections . 1177 (R.^^ = 0.0328) 
, .O . .... 
Completeness to 9 = 25 .56 94： . 5 % 
• • • . . . . . • • 
Absorption correction ABSCOR 
• • • • - • 
Max. and min. transmission ;』0.9123 and 0 . 8351 
. • . • - • • . • 
- - - 2 
.Refinement method. . .. Full-matrix least-squares on F 
. • • • . . - . . • 
Data / restraints / parameters 1177 / 0 / 8 3 
• - . ‘ ‘ . . . . . . . • ‘ . . • ‘ • 
‘ -
2 
Goodness-of-fit on•F 1.102、 
• . . - • . • . . • . , / . . . . . . . • . . . . . . . 
Final R indices [工 >2 cr (工)] . R1 = 0.0679, wR2 = 0.1884 
, ‘ • . . . • • . . ' • • • • 
. . " -
R indices (all data) Rl = 0.0703, wR2 = 0.1916 
. . . • . . • ‘ ‘ • • “ • ’ . . • . . • . 
Extinction coefficient 0.69 (10) 
•• . • . . . . ‘ ‘ 
.-3 
Largest diff. peak and hole 0.372 and -0.313 eA 
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Table 2 . Atomic coordinates [ x 10 '] and equivalent isotropic 
2 3 
displacement parameters ： [A x 10 ] for P. U (eq) is def ined as 
• • • • • . 
one. third of the trace of the orthogonalized U tensor, 
i j 
. . . : - , . . : . . . • . . - . . . • . -
..... ：•“ ••‘ ...... . . -.. . • • • • • • . • • • • . • . . . . • • • • .. . . . • • . . • . • •. . 
. • _ ‘ . .. . + • • - • - • . 
- ‘ . • • • 
... ... . . ........ .,... ‘ . . •••.. • ‘ ‘ ‘. •；‘‘..‘ ..... 
. X .:: . Y . . Z u(eq) 
. . . . . • — 
• ‘ • - . 
. ‘ • ‘ . ‘ . • • .- . 
• . . • • • . . • . . ••. ‘ 
CI (1) 1885 (1) … 1862 (1) 4434 (1) ： ： 100 (1) 
C(l) 8248 (4) 3 3 3 0 (5) 6125(4). . 96(1) 
C(2) . 6763 (4) . 3250 (3) 49 60(3) 71(1) 
C (3) 5 27 2 (3) ,2388 (3 ) 5014 (2) 66 (1) 
C (4) 3 73 0 (3—) .2 852 (3 ) .420 8(2) 65(1) 
C (5) 3 605(4) .42 07(3 ) 3 3 5 2(2) 70(1) 
C (6) 1998(4) 5274 (4) 2903 (3) • “ “ ,96 (1). 
C(7) 5145 (4) 477 6 (3) 3140(2) 77 (1) 
C(8) 6695(4) 4304 (4) 3 916(3) 79(1) 
. . . • • • • • • ‘ • . . 
- . . . . . . 
‘ ‘ •. • ‘ • • . • 
. • . , • -• • • • • 
. - ‘ ‘ • . • .. • • . - • •. - • • 
- • .• . . ‘ • . . •‘ • • • . . . . ' . 
• . ‘ “ , • • . • • . . • • 
. • ‘ ' • . 
. . . 
- - . . 
. ；- • • 
. . . . . . . . . . . • • . . . . 
0 0 
Table 3. Bond lengths [A] and angles [ ] for P . 
. ... . . . • . . . : . . . . . . . . . . • . . . . . • 
• -
... . . . . . . _ . . . . . . . . . . . . 
• . . . . . . " ‘. '•• • • ,. . . . . . • . . . . . . . .. . •‘ • • •. ...... 
. • . • , • .. • . • • • • 
CKl) -C(4) 1-748(3) c(l) -C(2) ::1.521(4): 
C(l)-C(6)#l 1:5.61(5) C(2) -C(3) ...... .: : : 1 • 3.92 (4). 
C(2) -C(8) 1.392(4) 、. .. C(3)-C(4) . 1-385 (4) 
.C(4) -C(5) 1.392 (3) .  C(5) -C(7) . ,：：: , 1- 393 (4) 
.C:(5:) -C(6) 1.517 (4): .:.: C(6) -C(l)#l : . 1.561 (5), 
C(7) -C(8) 1.379 (4) 
. • • - • . - - . . . . . •• : 
.C(2) -C(l)-C(6)#l . 112.9(2) C(3) -C(2) -C(8) 117-0(3) 
C(3) -C(2) -C(l) 120 . 0 (3) C(8) -C(2) -C(l) ‘ ..121.6(3) • 
C.(4) -C(3) -C(2) , 120.2(2) . C (3) -C (4) -C(5) ： 121.8(2) 
C(3) -C(4) -Cl(l) 117 .6(2) C(5) -C(4) -Cl(l) 120.0(2) 
C(4) -C(5) -C(7) .115-4(2) C (4 ). - C ( 5 ) - C ( 6 ) . 122.9(3) 
C(7) -C(5) -C(6) . . 120.3(3) C (5 ).-C ( 6 ) - C (1 . 113. “2) 
C(8) -C(7) -C(5) . 12 2.0(2) C(7) -C(8) -C(2) 120.3(3) : 
• • 
• '. . . . . . . . . . . 
• . . . . . . . . . . , • . . • • . . • . • - . . . . . — — • 
• Symmetry transformations used to generate equivalent atoms： 
’. 
• . . . • • ‘ . . . 
- • . • • - / • - • 
-•. ： • . . ： 
#1 -x+l,-y+1,-z+1 
•• • • . . - . . . . • . • 
. . . • • .. , ‘ • • 
• ： ： . . . . ‘ “ . ： . . . . . 
. • . 
• ： . . . • • • ‘ • . . • . • • • • . • •； • 
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Table 4. Anisotropic displacement parameters [A x 10 ] for P. . 
The anisotropic displacement factor exponent takes the form: • 
2 * 2 * * ..' 
-277 [ (ha ) U + ... + 2hka b U ] 11 12 
• -
... • • • • • • . . . , ‘ 
• •• •.. . . . . . . . 
. . . . • • . • • ' . .... • • ' .. '• , ' • 
. . . . . . - . . . . 
； ‘ ！ ‘ ‘ ‘ ‘ ’ ‘ ‘ ‘ “ ‘ ！ ^ ： . • . - . . . . . . . 
. , . . . . . 、 .. . . . ••.+ •  - . • ： • , . . . . . . . . . 
- ： . , . • “ — — , . . .. ， . . • . •. ... 
U11 U22. :_.. U33 . U23 . :..U13 “ \ U12 ： ？ 
- • . . . ’ , 
‘ • • • • • • • -. ••； . ... 
C1 (1) 84(1) 85(1) 129(1) -6(1) 24(1) : -23 (1) 
C(1) 71(2) 8S(2) 120(2) -7(2) 1(2) 14(1) 
C(2) 71(2) 61(2) 81(2) -11(1) ： 18(1) 8(1) 
C(3) 84(2) ： 51(1) 63(1) 0(1) ； 17(1) 7 (1) 
C(4) 75(2) 54(1) 64(1) -9(1) ； .13(1) ： -4(1) 
C(5) . 92(2) 59(1〉 53(1) -3(1) 3(1) 1(1) . 
C(6) 99 (2) .77(2) ： 91(2) , 0(2) -18 (2) 5(2) 
C (7) .118(2) . 62.(2) 56 (1) • -4(1) 29(1) ： -6(1) 
C (8) 94 (2) 70(2) 85 (2) -15(1) 43 (2) -8(1) 
.. . . . . . . . . . . . . • • • . • . . . 
., ： , 、 ： . . . •. • . . • • . . • • • •  • . . . • . . . • , .• . • . . . . 
. . . . . . 
- . . . . . . . • , . • 、 ： ： 』 . ： . ； . — — • • . - • . . . 
4 
Table 5 . Hydrogen coordinates ( x 10 ) and isotropic 
3 • •: 
displacement parameters‘ ‘ (A x 10 ) for P. . 
• . - .. - , • ；. 
. . . • ‘ - . • • • 
. . ‘ . “ • • • • . . • • ..... . . . . . . ‘ 
• . . . . . . 
X ： Y .. . Z ： U(eq), 
‘ . . . “ - • ••• . . . . 
, - - . 
、 ： ‘ - - - ‘ • ； • 
. ‘ . . . . • • • . . . . . . . .-
• . • . , • . . . . . . . . . . . . : . - • ： 
： H (1A) . ： 9286 ： ‘ ‘ 3580 ： 5863 .； 116 
H(1B) . 8384 • V • •2210 . . 6535 . : : 116 . 
H (3A) 5311 .1497, , . 55 92 . ‘ , . • 79 .....:.. 
. H (6A) 1020 .: 4508 . 2729 115 . 
H(6B) .2035 ： 5841 . . 2117 ； 1 1 5 ； 
； H ( 7 A ) 5128 5497 --2456 93 
. 二 H(8A) ： 7701 . 4692 3740 . . .95 . 
� _ . . . . . . . • - • • 
•• . . . - • . • • • . • . 
-
. . . ‘ . . . • . -
. . . . . . . . . • . 
. . . . 
• • • “ • . • . • . . • . • ... . . • ‘ ‘ ‘ . 
/ . ‘ - • •• . 
. . . . . . . . . . 
• • • . . • 
. • • • . • . “ ‘ • • • 
.：- . . • • . • . ‘ . 
.. .. .. . ..... 、.. • . -- …. • • • . / j • •  ‘ ： • . . . . 1 
. “• • ., • . • . • . 
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• • . 
,• . ‘ •. ‘ • • . - •-
, • : . . . . . • • • • • • • • • •• • • • • • •“ • - • •‘ 
• • • • • - • . . . . • . . . . . . . 
, . . . . . ：. • . • . .. .. 
. . . . , “ . • . . - - . . • 
• . - . _ - . ‘ - • • . . • . . . • - • 
• • - . . • . . . • • • • ‘ •. . , 
- - . ‘ • . . . • . • 
, . • • • 
- . .• - - . • 
- . . . . . . . • - • 
‘ ； + . . - . . . . . . . . . . ’ ： ‘ . . . . . . . . . . - - . . . . ‘ • . . • . … -
• 
. • . . • . • . . . • . . • 
•• . • . • • . • . ^ " “ • • • -
• • • .• —— . 
• . • . • •• 
•. . • . • . . . . . • • . • . . 




• . • . • - . 
--
、 - . - . . , . . . . . . ‘ . . . . . . -. 
- -
‘ • . • . ‘ . • . . • - • ：, • •. ‘ . . . . 
• ‘ - - • . ‘ . • 
. . . . . . . . . . . . . . . . .... . . . • . • . ‘ • ‘ 
. . . - . - - . . . - . • . . . 
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Table 1. Crystal data and structure refinement for P. 
. ... ,.• .... . ：. • ..:::、... , : : 
Identification code •khl4 
‘ • . • • • • . ‘ . ‘ • 
. . . . . . . . . . . . . . • • . . . . . . . . . • . 
Empirical formula C H Br 
16 12 4 
• : . . .、 ： . .. • ..... ..:..: . . j: 
Formula weight 5 2 3.90 
. … . . . . . . ： ... 二 .: . . ../ j ： . . . . 
- ： ： • ,: . - ...... 
Temperature 2 9 3(2) K 
. . . . . . . . ‘ . . • • . • 
,Wavelength 0 .71073 A .. 
Crystal system M〇NCL工NIC 
. . • • . ‘ ‘ . ‘ . • 
Space group P2 /n . 1 
• o 
.Unit cell dimensions a = 8.8853(8) A alpha = 90 
b =12.6075(12) A beta =1〇3.142(2)。 . .•• . . . 
c = 14 . 2860 (14) A gamma =. 9 0°. 
. • . . . • • . • • ‘ 
Volume, Z 155 8 . 4 (3 ) , 4. 
• . . .. . . . . . . . . • - ： . . . . . . j . 3 
Density (calculated) 2.233 Mg/m 
. . . ‘ . • . . . : . . . . 
. . . . . . • • • • 
-1 
Absorption coefficient 10.316 mm . 
F.(OOO) 992 
• . ‘ ‘ “ .. • . . • .. ‘ ‘ - . . • - • 
. . . . . . • - . . . . . . . . . . . . . . . . . . . . . . . . . ‘ . . . . . . • . • • . . 
Crystal size ‘ 1.11x 0.78 x O.50 mm. 
. . - . . . . . j . , . . .. j :. . .. . 1 : . 
o 
.e range for data collection . . .2.18 to 28。01 . 
‘ . ‘ • - “ • • . • • • . • • ‘ . . . - • ‘ • • . . . • 
Limiting indices . -11 < h < 10/ -16 < k < 1 6 - 1 8 < 1 < 16 
；. • ... • .. -； . • 
• .. • . . -
Reflections collected 103 0 6 
• - . • ‘ ； 
. . . . . . . . . . ‘ ‘ 
Independent reflections 3757 (R. = 0.0516) 
int • ‘ 
o 
Completeness to 9 = 28.01 99.6% 
. • . . . • . • • • • — — . . . . • 
•• • • • • •. . . . . . . . . 
Absorption correction SADABS 
• ： • •. -
• - . . . . . .... 
Max. and min. transmission 0,0790 and 0 . 0308 
. • . - • . . . 丨 • . 2 
Refinement method Full-matrix least-squares on F 
‘ • ‘ . • . , • ‘ . . • .. • 
. • . . . . . . • • 
Data / restraints / parameters 3 7 5 7 / 0 / 183 
. . , • • . . ‘ •• . . 
2 
Goodness-of-fit on F 0.949 
.Final R indices [工>2o•(工）] R1 = 0.0536, wR2 = 0.1302 
• “ • . , ‘ • • .. “ . . . . . 
R indices (all data) R l : 0.0881, wR2 = 0.1407 
. 。-3 
Largest diff- peak and hole 0.698 and -1.946 eA 
• . • • • . . . • . 
• . . . 
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Table 2 . Atomic coordinates [ x 10^] and equivalent isotropic 
2 3 
displacement parameters [A x 10 ] for P . U (eq) is defined as 
• . , ； • 
one third of the trace of the orthogonalized U tensor 
ij 
• . • • 
• . • • 
^ y z- U(eq) 
Br(1) 2160(1) 5218(1) 1175(1) " 53(1) 
Br(2) 7264(1) 2085(1) 23(1) 43(1) 
Br (3) 3874(1) 337 (1) 1315(1) 44(1) 
Br (4) 6212(1). 4669 (1) 3671(1). / 50 (1) 
C(l) 1692(7) 2759(5) 526(5) 40(2) 
C(2) 1787(7) 2361(5) 1591(5) 40(2) 
C (3 ) 7900 (6) 3966 (4) 1616(4) 31(1) 
C(4) 8127(7) 3182(5) 2498(5) 38(2) 
C(11) 3157(6) 3303(5) 440(4) . 30(1) 
C (12) 3629 (7) 4290 (4) 831(4) 30 (1) 
, C (13) 5147 (7). , 4558 (4)' 1096(4) .23(1) 
C(14) 6297 (6) 3875 (4) 964 (4) • 26(1). 
. C(15) , 5810 (6) 3019 (4) 3 7 4 (4) . 24(1) 
: C(16) 4264 (7) 2732 (4) 114 (4) 30(1). 
C(21) 3405(6) 2317(4) 2169(4) 29(1) 
C (22) . 3 9 91 (7) 3169 (4) 2772 (4). "‘ 32 (1). 
C (23) . 5584 (7) 3 3 89(4) 3003(4) . 29(1) 
C(24) 6 62 5(6) 2781(4) , 2 6 62(4) - ' 27(1) 
C (25) 6050(6) 180 6(4) ‘ 225 6 (4) ‘ 2 6(1) 
C (26) 4517 (7) .1591 (4) . . 2032(4) . :. 2 7(1) 
. . . . - . . . . . . . . . . . . . . . . . . . . . . . - . . . . 
- .• • -
• - •• 
. . . . - -• 
. . . .. .• . • .. • . . • • . ... . . . 
. . . . - . . . ‘ • • . . • . . . . . . . . • • ‘ • . . . • • • • . . . • 
• . “ . . . : . . _ . ' . . . . . — — . . . . 
. ‘ ‘ • . ‘ - • .- . .. . ‘ 
. . . . . 
• . . . . . . . . . . - • . . . . . . . . . 
. . . • . . ‘ • . . . • . . . - . . . + •• . 
. . . . . . . - - . - . . . . . — — • . . . . . 
‘ • . • . . . . , . 
. . . . . . . • . • •• • • • • • 
• - • ‘ - . _ . - + • • . ‘ 
. ‘ ‘ ‘ . ‘ - • ‘ . • • ‘ . ‘ . • 
. . . . . . . : . . . . . . . . -
. -: • • _ • • .. ‘ . . . • • . . . 
, • - . + • • • • . . . • • ‘ 
- - - • . • • • • • . . . . . . . ‘ . . . • . . . . 
• ‘ . . • ‘ ‘ 
• . . ‘ • - • . ‘ -• - . . • .... . . . . . . . . • . . . 
‘ ‘ . ‘ . • • . ‘ • 
-• • • • 
‘ . . 
- • • 
. . .• . • • . 
• • . • ‘ - . ： . 
. . • . • ‘ , • . . 
• • • - ‘ • • • 
• - . . . . . . . , . • • ： . • • —— 
• - . . . . .. . . . . •• • 
‘ • • . . . ‘ • ‘ • .“ . . • . .. . • . . . 
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Table 3. Bond lengths [A] and angles [°] for P. 
‘ • 
- • •• • .. • - . - • • • • •‘ • 
• • . . . . , . . . . + . . . . . . . . 
Br(1) -C(12) 1-899 (5). ； Br(2) -C(15) 1.897 (5) 
Br(3)-C{26) 1.900(5): Br(4)-C(23) 1.893 ⑷ 
C(l) -C(ll) 1-501(8) C(l) -C(2) . : 1.586(9): 
C(2) -C(21) ： 1-487.(8) ：‘ C(3) -C(14), . 1.518 (8)‘ 
C(3)-C(4) 1-578(8) . C(4)-C(24) — . 1.494(8) 
C(ll)-C(16) 1.382(8) C(ll)-C(12) . 1 . 3 8 9 ( 8 ) 
C(12)-C(13) 1-358(8) C(13)-C(14) 1.382(7) 
C(14) -C(15) .1-377 (7) C(15) -C(16) 1.387 (8) 
C(21)-C(26) 1-393(8) : C(21) -C(22) 1.402(8) 
C(22)-C(23) 1.405(8), C(23)-C(24) 1.374(8) 
C (24) -C (25) 1.405 (8) C(25) -C(26) .1.354(8) 
C(ll) -C(l) -C(2) . 111.4(5) C(21) -C(2) -C(l) 112.2(5) 
C(14)-C(3)-C(4) 112-0(4) C(24)-C(4)-C(3) 112.3(5) 
C(16)-C(ll)-C(12) 115.4(5) C(16)-C(ll)-C(l) 119.1(5) 
C(12) -C(11) -C(1) ‘ 124.4 (5) C(13) -C(12) -C(11) . 121.6(5) 
C(13)-C(12)-Br(1) 118.2(4) C(ll)-C(12)-Br(1) 119.6(4) 
C(12) -C(13) -C(14) ‘ 121.7 (5) C (15) -C(14) -C(13} ；. 115.6(5) 
C(15) -C(14) -C(3) “ 123.7(5) C(13) -C(14) -C(3) 119.3(5) 
C(14)-C(15)-C(16) 121.5(5) C(14)-C(15)-Br(2) 120.6(4) 
.C(16) -C(15) -Br(2) 117.4 (4) C(11) -C(16) -C(15) 120.8 (5) 
_ C(26) -C(21) -C(22) 114.4(5) C ( 2S) -C(21) -C(2) .: 125 . 0 (6) 
C(22) -C (21) -C(2) 119 .4 (5) • C(21) -C(22) -C(23) 120.6 (5) 
C(24) -C(23) -C(22) 122.0(5) C ( 2 4 ) - C ( 2 3 ) -3r (4 ) 120 , 6 (4). 
.C(22) -C(23) -Br (4) 116.9(4) C(23} -C(24) -C(25) 115.0(5) : 
-C(23) -C(24) -C(4) 124.4 (5) C(25) -C(24) -C(4) . 119.0(5) . 
C(26)、-C(25) -C(24) 121.7,(5) C (25) -C (2S、)‘-C (21) 122.9(5) 
C(25) -C(26) -Br (3) : 117 .2 (4) C (21) -C (2 5) -Br (3) 119.1.(4) 
. ‘ 
‘ ‘ ‘ • • • • • ‘ • ‘ ： • • . . • . . . • . • . • • . . . . . . . 
-Syminetry transformations used to generate equivalent atoms: 
• • . . - .. . . . ......... . . . . • •-
• “ ‘ ‘ “ . 
• , ‘ . ‘ . • • • . • • , 
- . . . • .. . - “ . . -
- • 
. • . .- , . ._ ‘ _ ... . ‘ _ • . . . . . . • • . • . . • • • ‘ . • 
• • . . ' . . • • . ‘ ‘ ‘ • 
- . • • . . . 
. . . \ . • - — , ‘ • + . . : . . � 
- . . • 
. • • • • • - - - - — 
‘ . ‘ . . • . • • • •‘ • 
• . . . - . • . . • . . . . • • . . • . 
• ‘ • ‘ ‘ • • . •. • . .• • 
- . . . . . • ... • / ： . . . . . 
. . . • . . . . . . . 
- .‘ . ‘ . • • . • ‘ . . . . . ‘ . . . . • • ‘ . . . ：. . - . . . . , • • • 
..-. • • • • • ： • . ‘ • . . . . 
• 
• . . . . . . - ： • • • ‘ 
• • • ‘ - • . • • . . . . . 
. ‘ ... . .. . . . 
• . . “ • . ‘ • . . • 
. • • ； .. _ •. , .. . ‘ • . • _ . _ ‘ • . . ‘ . 
‘ . . • • • . • 
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»2 3 
Table 4. Anisotropic displacement parameters [A x 10 ] for P. 
The anisotropic displacement factor exponent takes the .form: 
2 ir 2 * * 
-2it [ (ha ) U” + • • . + 2hka b U ] . 11 12 
- . . 
.• . • . . . ‘ ‘ . - . . . . . . . . . . . . . . . . . 
- , ‘ .•• • • . . • •• 
• . .. . • ； . . ： , • • ‘ 
U11 ： n2 2 'u33' . U23 .:...U13,..: U12 
Br(l) 60 (1) 43(1) ： 64 (1) 13.(1) 30 (1) 26(1) 
Br (2) 47 (1) 31 (1) 57(1) -6 (1) 26(1) 5(1) 
Br (3) 52 (1) ' 23 (1) 5G (1) -7(1) 12 (1) -9 (1) 
Br (4) 75 (1) 33(1) ‘ 39(1) -10(1) 7(1) -10(1) 
C(l) 32(3) 41(4) . 45(4) 2(3〉 7(3) 3(3) 
C (2) 2 8(3) 37(3 ) — 60(4) 4(3) 20(3) -4(3) 
C (3) 35(3) 2 4 (3) 36(3) -3(3) 11 (3 ) -11 (3) 
C (4) 32 (3) 35(3) 42 (4) 6 (3) 2 (3) -5(3 ) 
C (11) 29(3) 3 6(3) 22(3) 5(2) -1(2) 4(3) 
C(12) 40(4〉 2 6(3)： 28(3) 8(2) 15(3) 12(3) 
C(13)' 45(4) 19 (3) • 26,(3) 7,(2) ,15(3) 2(2): 
C(14) 31(3) 21.(3) 26(3) 8(2} 10(2) -2(2) 
C (15) 32 (3 ) 20(3) . 23 (3) 1(2) 11 (2) 3(2) 
C(16) 41(3) 27(3) 19(3) - 0(2) 5(2) : 0(3). 
C(21) : 29(3) 28(3) . 31 (3) 9 (2) 8 (2) -3 (2) 
C(22) 4&(4). 21(3) 34(3) S(2) 24(3) 4(3) 
C (23) 44(3) 2 0 (3) 22(3) 4 (2) 5 (2) -4 (3) 
C(24) 28(3) 28(3) 24 (3) 8(2) 3 (2) 4 ⑵ 
C(25) 27 (3) 21 (3) 29 (3) 7 (2) : 4 (2) : 2 (2)-
C(26) 40 (3) 17(2) 27(3) 3(2) 11(2).. -3(2) -
.…..j •. - • 
’ � • • 
• • . . • - “ 
4 
Table 5. Hydrogen coordinates ( x 10 ) and isotropic 
。2 • 3 
.displacement parameters (A x 10 ) for P-j . . : . 
• • • - . . . . • • -
. • . • ‘ • . . . . • • . ‘ . • . 
. . . . . . . • . • . • . • • . . . . . . . - • •  
• . . , . . . . . . , . ： .. . • • • 
. . . ‘ . ： . ：. •‘..——，.... 
‘• •. . • . • • • • . • . . • 
. X y Z U (eq). 
. ‘.. . . . / . . . 、 _ . 
•‘ • • ___ _ ‘ . . . 
• - . . . . , , . . • . •- ‘ , . • • . . • . • . . ‘ • . • 
,H(1A). 15 0 3 215 8. .91 48. 
H (IB) ： . 832 3247. 339 48. 
H(2A) .1191 . 2834. .1902. . 48 
H(2B) 1331 1660 15 7 0 48 
,H(3A) ^ 8063 468 8 、 .. 1851 37 
H (3B) 8667 3812 124.8 .37 
H (4A) 87 51 . 2584 2385 45 
H(4B) 86 82 3 544 .  3 07 2 .45 
H(13A) 5419 5218 1373 35 
H(16A) 3969 2149 -284 . 35 
H(22A) 3320 3593 3022 38 
H(2 5A) 6740 1295 , 2139 31 
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Table 1. Crystal data and structure refinement for P. 
‘ ‘ • ‘ • .. ‘ • , . . . . 
Identification code khl 
. . .•. . + • . • . . . . . . • • . • 
Empirical formula C^^H^^Br^ 
Formula weight 523 .90 
Temperature 293(2). K 
Wavelength 0.71073 A 
Crystal system ORTHORHOMB工C 
• , • . . • • • 
Space group Pca2^ — 
» o 
Unit cell dimensions a 二 9.5003 (7) A alpha = 90 
, o 
Jb = 11.1883(9) A beta = 90 
c = 14,5727(11) A gamma = 90。 
. • • , - • • . . . . . . . •- ... . . . . 
Volume, Z 1549.0 (2) 4 • - ‘ - .. • • . • . • • -. , • . 
3 ... 
Density (calculated) 2.247 Mg/m 
- 1 - . 
Absorption coefficient 10.379 mm 
F (000) 
. • 
• ‘ . . • ‘ . . ‘ ‘ 
Crystal size 0.53 x 0.48 x 0.32 mm 
o 
e range for data collection 1,82 to 28.03 
Limiting indices -10 ^ ^  ^ 12, -14 s Jc s 14, -19 ^ 1 ^ 1 8 
R e f l e c t i o n s c o l l e c t e d , 9903 
• • . . . • • • . - • . ‘ . • • - • . • - . 
工ndependent reflections 3617 (R^^^ = 0.0533) 
o . 
Completeness to 6 =28,03 99-9 % 
A b s o r p t i o n c o r r e c t i o n SADABS 
Max. and min. transmission 0.13 49 and 0.07 3 6 — 
. R e f i n e m e n t m e t h o d Full-matrix least-squares on F^ 
Data / restraints / parameters 3617 / 1 / 182 
2 G o o d n e s s - o f - f i t on F 0.867 
Final R indices [ 工 : > 2 o • ( 工 ） ] Rl = 0.0428, wR2 = 0.0915 
R indices (all data) R1 = 0.0995, .wR2 = 0.1076 
Absolute structure parameter 0.49(5) 
一 3 
Largest diff. peak and hole 0 ,556 and -0.861 eA 
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Table 2. Atomic coordinates [ x 10 ] and equivalent isotropic 
。2 3 
displacement parameters [A x 10 ] for P. U(eq) is defined as 
‘ • . • . 
one third of the trace of the orthogonalized U tensor. 
. 丄j 
• . . .‘ • • . : ... . . . • . • • • . ‘ 
• ‘ _ • • 
• . . . . . . . . . • . ‘ . •• . 
. . . -
X — y z U(eq) 
Br(l) 1613(2) 7601(2) 2541(2) 66(1) 
Br(2) 4912(2) 9511(2) 5490(1) 58(1) 
Br(3) 5103(2) 5491(2) 1603(1) 59(1) 
Br(4) 8372(3) 7370(2) 4541(2) 67(1) 
C(l) 3291 (14)— 8245 U2) 3072 (11) 35 (4) 
C (2) 4393 (17) 8417712} 2405(13) 39 (4) 
C(3) 5729 (17) 8 827 (13) 2 83 4(13) 43 (4) 
C(4) 5723 (17) , 9 2 7 9 (11) 3607(12) 31(4) 
C(5) 4498(16) 9 02 6 (13) 4233(10) 3 0(3) 
C(6) - 3409 (14) ： 84 62 (11) 3978(11) 32(4) 
: C ( 1 1 ) . 7018(18) 8457(13) 2243(12) 64(6) 
C(12) 7539(17) 7156(12) 2454(14) 33(3) 
C(13) 2599(18) 7746(11) 4682(14) 4 5 ( 4 ) 
C(14) 2961(15) 6429(10) 4827(11) 40(4) 
C(21) 4 2 1 6 ( 1 9 ) 5 7 5 0 ( 1 3 ) 3383(12) 43(4). 
C(22) 5273 (16) ： 59Q0 (12) 2846(12) 32(3) 
C(23) 6590(16) 6552(12) - 3099(10) 38(4) 
C (24) 6 6 7 0 (15) 665；! (11) 4087 (10) , 36 (4) 
C(25) 5610 (17) 6494(11) 4645 (13) 32(4) 
C(26) 4386 (17) 6170(11) 4370 (10) 30(4) 
• — —^ ‘ ！ “ ^ V 
. . . . . . . ... .. . . : : . . . ..... . . . . . ‘ . , 
. . . . . . . . . . .• . . . . . . . . . • .• . . ., . 
• • . • - ‘ • • 
• . . - . ‘ ‘ . . ... . • • • • . . . . . . 
• 圓 - . ,• • • . , • ： . , • . - . • • • . • . • .. . . • . . . ‘ . . . . . . .• -. . • • - • • . . . . . . . . • • . ‘ • . . . . . . , 
. . . . . . • 
- . . ‘ -
• • . ‘ . . . • 
- . . . 
. . . . . - • • • 
. . • . . . •• .. . • . . . • . . . • . . 
.- ‘ ‘ “ . • • 
. . . . . . . . 
• • • . - • . . • 
• . . . . . “ • . . . . ‘ . 
• -
. . • • •• . • . 
. . . . . . . . 
. . . . . . . .. . • -
• • • - . ‘ . . ‘ . . 
- • 
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Table 3. Bond lengths [A] and angles for P. 
Br(1)-C(l) 1.913(15) Br(2)-C{5) 1.950(15) 
Br(3) -C(22) 1.875 (18) Br(4) -C(24) 1.923(13) 
C(l)-C(6) 1.35(2) C(l)-C(2) 1.44(2) 
C(2) -C(3) 1.49(2) C(3) -C(4) 1.23(2) 
C(3) -C(ll) 1.55(2) C(4) -C(5) 1.51(2). 
C(5) -C(6) 1.27(2) C{6) -C(13) 1.51(2) 
C(ll)-C(12) 1.58(2) C(12)-C(23) 1.50(2) 
C(13)-C(14) 1.528(17) C(14)-C(26) 1.536(18) 
C(21) -C(22) 1-28 (2) C(21) -C(2S) 1.52(2) 
C(22) -C (23) 1.494(19) C(23) -C{24) 1.45(2) 
C(24)-C(25) 1.31(2) C(25)-C(26) 1-28(2) 
C{6f-C{l) -C(2) 125.2(14) C(6) -C(l) -Br (1) 122.3(11) 
C(2) -C(l) -Br(1) 112.5 (11) C(1) -C(2) -C(3) 112.2(15) 
C(4)-C(3)-C(2) 120.4(16) C(4)-C(3)-C(11) 128.2(17) 
C(2)-C(3)-C(ll) 110.9(15) C(3)-C(4)-C(5) 118.7(14) 
C(6)-C(5)-C(4) . 123.1(14) C(6)-C(5)-Br(2) 125.3(12) 
C(4)-C(5)-Br(2) 111.2(11) C(5)-C(6}-C(1) 115.4(13) 
C(5)-C(6)-C(13) 118.7(16) C(l)-C(6)-C(13) 121.8(15) 
C(3)-C(ll)-C(12) 114.1(12) C(23)-C(12)-C(ll) 10 8.6(12) 
C(6) -C(13) -C(14) 119.3 (13) C(13) -C(14) -C(26) 108.7 (11) 
C(22) -C(21) -C(26) 117.2 (16) C(21) -C(22) -C(23) 124 .4 (17) 
： C ( 2 1 ) - C ( 2 2 ) - B r ( 3 ) 119.4(14) C(23)-C(22)-Br(3) 115-5(11) 
丨 C(24) -C(23) -C(22) 109 .1 (14) C(24) -C(23 ) -C(12) 123.9(15) 
':C(22) -C(23) -C(12) 126.6 (14) C ( 2 5 ) -C (24 ) -C ( 23 ) 124.7 (14) 
丨 C ( 2 5 ) - C ( 2 4 ) - B r ( 4 ) 119.3(12) C(23)-C(24)-Br(4) 114.8(12) 
C(26) -C(25) -C{24) 122.8(16) C(25) -C(2S) -C(21) 118.6(14) 
C(25)-C(26)-C(14) 127.6(13) . C(21)-C(26)-C(14) 112.0(14) 
. • . . . ..-..•.. • . • . • 
Symmetry transformations used to generate equivalent atoms: 
. . . ‘• , ‘ • . . • . . ‘ “ 
- . • • • • • • . • . . . . • 
“ • ‘ • ‘ - • . . 
• ‘ . . 
. . • • ‘ . • . . • 
• . . • • . 
• . . . , • • ‘ • . ‘ ‘ 
• ‘ • - _ • . • • “ • • - .. • 
179 APPENDIX II 
• 2 3 . 
Table 4. Anisotropic displacement parameters [A x 10 ] for P. 
The anisotropic displacement factor exponent takes the form: 
2 . * 2 . -2ir [ (ha ) U + ... + 2hka b U ] 
11 12 
- • . + • . . . . . • 
• . . • • - . • • • . -
. . . . ... . . . . • • ‘ • 
• ' • ‘ -
• ： •‘ 
Ull U22 U3 3 U23 . U13 U12 
• ‘ • “ . -
Br (1) 40(1) 99(2) 60(2) 1(1) -19 (1) -3(1) 
Br (2) 71(2) 64(1) 40(2) -12(1) -4(1) -1(1) 
Br (3) 76(2) 62(1) 39(2) -23(1) -3(1) 6(1) 
Br (4) 42 (1) 93 (2) 66 (2) -19(1) -20(1). 2(1) 
C(l) 27(7) 34(7) 44(9) 11(5) 16 (6) -2(5) 
C(2) . -50(11) . 32 (7) . 35 (9) 8(6) -7 (8) 6(7) 
C(3) 33(8) 31(7) 60(10) 10(7) -8(7) -11 (6) 
C(4) 37 (8) . 21 (7) 36(8) 0(5) -16 (6) -3(6) 
C(5) 32 (7) 41 (7) 17(6) 1(5) 9(5) IS(5) 
C (6) 24 (8). 28(7) 43 (9) -11 (6) 21(6) 14(6) 
C(ll) .57(12) 65(10) 60 (12) 10 (8) 50(9) -8 (8) 
C(12) .17(6) 57(7) 41(8) -10 (7) -1(5) 5(5) 
C(13) • 33(8.) ： 65 (8) 36 (8) 5(5) 16 (6) -3(6) 
C(14) 41(9) 38 (6) 42(9) 5(6) 1(6) -5(S) 
C ( 2 1 ) ：：48 (10) 34(8) 47(9) 6(6) 19(7) -3(7) 
C(22) 24 (6) 22(5) 49(8) 0(5) -5(5) -6(4) 
C(23) 42(9) 39(8) 33(9) 14 CS) -23 (6) -4(7) 
C(24) 46(9) 28 (6) 33 (8) -3(5) -29(6) 10(6) 
C(2 5) 40 (9) 33(7) 23(8) -1(6) 10(7) 6(6) 
C(26) 57 (9) 17(6) 17 (6) 6 (4) 18(S) . 12(6) 
'、 
. . . . . . . . . . . . 
• . . . . . . ‘ . . . . . . ‘ 
• 
. … . . . . . . _ 
‘ . • ‘ . ‘ • • . . . 
• . . . . - • • • - . • . . . 
‘ • _ 
• -
‘ . • • . . . • . . . • ‘ 
‘ . . • ‘ . . . . 
- • . . • ; • • + . . . • - . _ 
. . . • • • 
• ‘ 
• • . - • • ‘ - . . . . . . - • •‘ ： 
A P P E N D I X I 
4 
Table 5 . Hydrogen coordinates ( x 10 ) and isotropic 
。2 3 
displacement parameters (A x 10 ) for P. 
. ‘ • ‘ “ ‘“ ‘ • . . . . 
- • ‘ • • . ‘ • 
. ‘ -
.. • , . • . . ‘ 
. X y Z U(eq) 
.• • • • • 
H(2) 4282 8286 1779 47 
H(4A) 6460 9766 3798 38 
H (llA) 7772 9026 2345 77 
H(llB) 6758 8501 ,1600 77 
H(12A) 7 662 6701 18 39, 4 6 
H(12B) 8517 7203 ‘27 2 9 46 _ 
H(13A) 1610 7790 4520 53 
H(13B) 2704 8146 5269 53 
H (14A) 2236 5929 4558 43 
H(14B) 3013 6254 5478 48 
H(21A) . 3380 5420 3176 52 
H(25A) 5749 6622 5269 3 8 
- . . • • • •. .- , . 
. . . • • . . • . - ‘ • . . . . . . . . . . . 
. • • • . ‘ •• • • . • • . • 
• . - . ‘ • • • . . . . • • ‘ . . . . 
• • . • • + . • . • • • ‘ + • • 
• • . • • . ； . . , ‘ . 
• • • . • • • • . •• + 
. . . . . . . . . . . . ： , .. 
• • • • . • • . . • , . • . . ： . • 
- 』 . . . • • 
.- • . • + . . . . • ‘ ‘ . . “ . . 
‘ ... . . ‘ ‘ • • • •‘ • ‘ • ‘ • • • 
• 
. • . . . 
‘ • . . . . . . 
. • . • • • . . • ‘ . ‘ 
• • • . • ‘ ‘ . . . • • • . 
. ‘ • ‘ ‘ • ‘ . 
‘ - . • - - • • • 
• 
. . . . . . . . 
. • . • • . . . . . . . . . • . . . . 
. • • • • . • • 
. • ‘ • . • - . 
• • • . • . 
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APPENDIX II N M R SPECTRA  
1. 1h N M R spectrum of [2.2]paracyclophane 58 p. 184 
2. 13c N M R spectrum of [2.2]paracyclophane 58 p. 185 
3. 1h N M R spectrum of 4,12-dibromo[2.2]paracyclophane 97 p. 186 
4. 13c N M R spectrum of 4,12-dibromo[2.2]paracyclophane 97 p.l87 
5. 1H N M R spectrum of 4,12-dichloro[2.2]paracyclophane 100 p.188 
6. ^^ C N M R spectrum of 4,12-dichloro[2.2]paracyclophane 100 p.189 
7. 1h N M R spectrum of 4,12-dimethyl[2.2]paracyclophane 110 p. 190 
8. ^^ C N M R spectrum of 4,12-dimethyl[2.2]paracyclophane 110 p.191 
9. ^H N M R spectrum of 4,7,13,16-tetrabromo[2.2]paracyclophane p.192 
107 
10. 13c N M R spectrum of 4,7,13,16-tetrabromo[2.2]paracyclophane p.193 
107 
11. ^H N M R spectrum of 4,7,13,16-tetrachloro[2.2]paracyclophane p. 194 
158 
12. 13c N M R spectrum of 4,7,13,16-tetrachloro[2.2]paracyclophane p.l95 
158 
13. ^H N M R spectrum of 4,8,12,16-tetrabromo[2.2]paracyclophane p.l96 
159 
14. 13c N M R spectrum of 4,8,12,16-tetrabromo[2.2]paracyclophane p. 197 
159 
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